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“We choose...to do [these] things,
not because they are easy, but because they are hard...”

John F. Kennedy
September 12, 1962
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PREFACE

Over the next 10 years, NASA is scheduled to devote $99
billion to the nation’s human spaceflight program. In rec-
ognition of the magnitude of these planned expenditures,
coupled with questions about the status of the current hu-
man spaceflight program, the White House Office of Sci-
ence and Technology Policy, as part of the due diligence of a
new administration, called for an independent review of the
present and planned effort. Two conditions framed this re-
quest: all ongoing human spaceflight work by NASA and its
contractors was to continue uninterrupted during the review
process; and the review team’s findings were to be available
90 days from the Committee’s formal establishment and a
formal report be published thereafter, in recognition of the
demands of the federal budget preparation cycle.

The Committee established to conduct the review comprised
10 members with diverse professional backgrounds, includ-
ing scientists, engineers, astronauts, educators, executives
of established and new aerospace firms, former presidential
appointees, and a retired Air Force General. The Committee
was charged with conducting an independent review of the
current program of record and providing alternatives to that
program (as opposed to making a specific recommendation)
that would ensure that “the nation is pursuing the best trajec-
tory for the future of human spaceflight—one that is safe,
innovative, affordable and sustainable.”

Initially, the directive to the Committee was that it conduct
its inquiry with the assumption that operation of the Space
Shuttle would terminate in 2010 and that the 10-year fund-

ing profile in the FY 2010 President’s budget would not be
exceeded. In subsequent discussions between the Commit-
tee chairman and members of the White House staff, it was
agreed that at least two program options would be presented
that comply with the above constraints; however, if those
options failed to fully satisfy the stated study objectives, ad-
ditional options could be identified by the Committee. No
other bounds were placed on the Committee’s work.

The Committee wishes to acknowledge the highly profes-
sional and responsive support provided to it by the staff of
NASA, as well as the staff of the Aerospace Corporation,
which provided independent analysis in support of the re-
view. Aerospace worked under the direction of the Commit-
tee, and all findings in this report are those of the Committee.
Individuals to whom the Committee is particularly indebted
for sharing their views are listed in Appendix B.

The Committee members appreciate the trust that has been
placed in them to conduct an impartial review that could
have a major impact on the nation’s human spaceflight pro-
gram, human lives and America’s image in the world. We
view this as a very great responsibility.

October 2009
Washington, DC

Review of U.S. Human Spaceflight Plans Committee N 7
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EXECUTIVE SUMMARY

The U.S. human spaceflight program appears to be on an
unsustainable trajectory. It is perpetuating the perilous prac-
tice of pursuing goals that do not match allocated resources.
Space operations are among the most demanding and un-
forgiving pursuits ever undertaken by humans. It really is
rocket science. Space operations become all the more dif-
ficult when means do not match aspirations. Such is the
case today.

The nation is facing important decisions on the future of hu-
man spaceflight. Will we leave the close proximity of low-
Earth orbit, where astronauts have circled since 1972, and
explore the solar system, charting a path for the eventual
expansion of human civilization into space? If so, how will
we ensure that our exploration delivers the greatest benefit
to the nation? Can we explore with reasonable assurances
of human safety? Can the nation marshal the resources to
embark on the mission?

Whatever space program is ultimately selected, it must be
matched with the resources needed for its execution. How
can we marshal the necessary resources? There are actually
more options available today than in 1961, when President
Kennedy challenged the nation to “commit itself to the goal,
before this decade is out, of landing a man on the Moon and
returning him safely to the Earth.”

First, space exploration has become a global enterprise.
Many nations have aspirations in space, and the combined
annual budgets of their space programs are comparable to
NASA’s. If the United States is willing to lead a global pro-
gram of exploration, sharing both the burden and benefit of
space exploration in a meaningful way, significant accom-
plishments could follow. Actively engaging international
partners in a manner adapted to today’s multi-polar world
could strengthen geopolitical relationships, leverage global
financial and technical resources, and enhance the explora-
tion enterprise.

Second, there is now a burgeoning commercial space indus-
try. If we craft a space architecture to provide opportunities
to this industry, there is the potential —not without risk—that
the costs to the government would be reduced. Finally, we
are also more experienced than in 1961, and able to build on
that experience as we design an exploration program. If, af-
ter designing cleverly, building alliances with partners, and
engaging commercial providers, the nation cannot afford to
fund the effort to pursue the goals it would like to embrace,
it should accept the disappointment of setting lesser goals.

Can we explore with reasonable assurances of human safety?
Human space travel has many benefits, but it is an inherently
dangerous endeavor. Human safety can never be absolutely
assured, but throughout this report, safety is treated as a sine
qua non. It is not discussed in extensive detail because any
concepts falling short in human safety have simply been
eliminated from consideration.

How will we explore to deliver the greatest benefit to the
nation? Planning for a human spaceflight program should
begin with a choice about its goals—rather than a choice
of possible destinations. Destinations should derive from
goals, and alternative architectures may be weighed against
those goals. There is now a strong consensus in the United
States that the next step in human spaceflight is to travel be-
yond low-Earth orbit. This should carry important benefits
to society, including: driving technological innovation; de-
veloping commercial industries and important national ca-
pabilities; and contributing to our expertise in further explo-
ration. Human exploration can contribute appropriately to
the expansion of scientific knowledge, particularly in areas
such as field geology, and it is in the interest of both science
and human spaceflight that a credible and well-rationalized
strategy of coordination between them be developed. Cru-
cially, human spaceflight objectives should broadly align
with key national objectives.

These more tangible benefits exist within a larger context.
Exploration provides an opportunity to demonstrate space
leadership while deeply engaging international partners; to
inspire the next generation of scientists and engineers; and
to shape human perceptions of our place in the universe.
The Committee concludes that the ultimate goal of human
exploration is to chart a path for human expansion into the
solar system. This is an ambitious goal, but one worthy of
U.S. leadership in concert with a broad range of internation-
al partners.

The Committee’s task was to review the U.S. plans for hu-
man spaceflight and to offer possible alternatives. In doing
S0, it assessed the programs within the current human space-
flight portfolio; considered capabilities and technologies a
future program might require; and considered the roles of
commercial industry and our international partners in this
enterprise. From these deliberations, the Committee devel-
oped five integrated alternatives for the U.S. human space-
flight program, including an executable version of the cur-
rent program. The considerations and the five alternatives
are summarized in the pages that follow.

KEY QUESTIONS TO GUIDE THE PLAN FOR
HUMAN SPACEFLIGHT

The Committee identified the following questions that, if
answered, would form the basis of a plan for U.S. human
spaceflight:

1. What should be the future of the Space Shuttle?

2. What should be the future of the International Space
Station (ISS)?

3. On what should the next heavy-lift launch vehicle be
based?

4. How should crews be carried to low-Earth orbit?

5. What is the most practicable strategy for exploration
beyond low-Earth orbit?

Review of U.S. Human Spaceflight Plans Committee 9
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The Committee considers the framing and answering of
these questions individually and consistently to be at least as
important as their combinations in the integrated options for
a human spaceflight program, which are discussed below.
Some 3,000 alternatives can be derived from the various
possible answers to these questions; these were narrowed to
the five representative families of integrated options that are
offered in this report. In these five families, the Committee
examined the interactions of the decisions, particularly with
regard to cost and schedule. Other reasonable and consistent
combinations of the choices are possible (each with its own
cost and schedule implications), and these could also be con-
sidered as alternatives.

CURRENT PROGRAMS

Before addressing options for the future human exploration
program, it is appropriate to discuss the current programs:
the Space Shuttle, the International Space Station and Con-
stellation, as well as the looming problem of “the gap”—the
time that will elapse between the scheduled completion of
the Space Shuttle program and the advent of a new U.S. ca-
pability to lift humans into space.

Space Shuttle

What should be the future of the Space Shuttle? The current
plan is to retire it at the end of FY 2010, with its final flight
scheduled for the last month of that fiscal year. Although
the current administration has relaxed the requirement to
complete the last mission before the end of FY 2010, there
are no funds in the FY 2011 budget for continuing Shuttle
operations.

In considering the future of the Shuttle, the Committee as-
sessed the realism of the current schedule; examined issues
related to the Shuttle workforce, reliability and cost; and
weighed the risks and possible benefits of a Shuttle exten-
sion. The Committee noted that the projected flight rate
is nearly twice that of the actual flight rate since return to
flight in 2005 after the Columbia accident two years earlier.
Recognizing that undue schedule and budget pressure can
subtly impose a negative influence on safety, the Commit-
tee finds that a more realistic schedule is prudent. With the
remaining flights likely to stretch into the second quarter of
FY 2011, the Committee considers it important to budget
for Shuttle operations through that time.

Although a thorough analysis of Shuttle safety was not
part of its charter, the Committee did examine the Shuttle’s
safety record and reliability, as well as the results of other
reviews of these topics. New human-rated launch vehicles
will likely be more reliable once they reach maturity, but
in the meantime, the Shuttle is in the enviable position of
being through its “infant mortality” phase. Its flight ex-
perience and demonstrated reliability should not be dis-
counted.

Once the Shuttle is retired, there will be a gap in the capabil-
ity of the United States itself to launch humans into space.
That gap will extend until the next U.S. human-rated launch
system becomes available. The Committee estimates that,
under the current plan, this gap will be at least seven years.
There has not been this long a gap in U.S. human launch
capability since the U.S. human space program began.

Most of the integrated options presented below would retire
the Shuttle after a prudent fly-out of the current manifest,
indicating that the Committee found the interim reliance on
international crew services acceptable. However, one op-
tion does provide for an extension of the Shuttle at a mini-
mum safe flight rate to preserve U.S. capability to launch
astronauts into space. If that option is selected, there should
be a thorough review of Shuttle recertification and overall
Shuttle reliability to ensure that the risk associated with that
extension would be acceptable. The results of the recerti-
fication should be reviewed by an independent committee,
with the purpose of ensuring that NASA has met the intent
behind the relevant recommendation of the Columbia Ac-
cident Investigation Board.

International Space Station

In considering the future of the International Space Station,
the Committee asked two basic questions: What is the out-
look between now and 2015? Should the ISS be extended
beyond 20157

The Committee is concerned that the ISS, and particularly its
utilization, may be at risk after Shuttle retirement. The ISS
was designed, assembled and operated with the capabilities of
the Space Shuttle in mind. The present approach to its utiliza-
tion is based on Shuttle-era experience. After Shuttle retire-
ment, the ISS will rely on a combination of new international
vehicles and as-yet-unproven U.S. commercial vehicles for
cargo transport. Because the planned commercial resupply
capability will be crucial to both ISS operations and utiliza-
tion, it may be prudent to strengthen the incentives to the com-
mercial providers to meet the schedule milestones.

Now that the ISS is nearly completed and is staffed by a full
crew of six, its future success will depend on how well it is
used. Up to now, the focus has been on assembling the ISS,
and this has come at the expense of exploiting its capabilities.
Utilization should have first priority in the years ahead.

The Committee finds that the return on investment from the
ISS to both the United States and the international partners
would be significantly enhanced by an extension of its life to
2020. It seems unwise to de-orbit the Station after 25 years
of planning and assembly and only five years of operational
life. A decision not to extend its operation would significantly
impair the U.S. ability to develop and lead future interna-
tional spaceflight partnerships. Further, the return on invest-
ment from the ISS would be significantly increased if it were
funded at a level allowing it to achieve its full potential: as the

10 Review of U.S. Human Spaceflight Plans Committee
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Figure i. Diagram of the International Space Station showing elements provided by each of the international partners. Source: NASA

nation’s newest National Laboratory, as an enhanced testbed
for technologies and operational techniques that support ex-
ploration, and as a management framework that can support
expanded international collaboration.

The strong and tested working relationship among interna-
tional partners is perhaps the most important outcome of
the ISS program. The partnership expresses a “first among
equals” U.S. leadership style adapted to today’s multi-polar
world. That leadership could extend to exploration, as the
ISS partners could engage at an early stage if aspects of ex-
ploration beyond low-Earth orbit were included in the goals
of the partnership agreement. (See Figure i.)

The Constellation Program

The Constellation Program includes the Ares I launch ve-
hicle, capable of launching astronauts to low-Earth orbit;
the Ares V heavy-lift launch vehicle, to send astronauts and
equipment to the Moon; the Orion capsule, to carry astro-
nauts to low-Earth orbit and beyond; and the Altair lunar
lander and lunar surface systems astronauts will need to ex-
plore the lunar surface. As the Committee assessed the cur-
rent status and possible future of the Constellation Program,

it reviewed the technical, budgetary, and schedule challenges
that the program faces today.

Given the funding upon which it was based, the Constellation
Program chose a reasonable architecture for human explora-
tion. However, even when it was announced, its budget de-
pended on funds becoming available from the retirement of
the Space Shuttle in 2010 and the decommissioning of ISS in
early 2016. Since then, as a result of technical and budgetary
issues, the development schedules of Ares I and Orion have
slipped, and work on Ares V and Altair has been delayed.

Most major vehicle-development programs face technical
challenges as a normal part of the process, and Constella-
tion is no exception. While significant, these are engineer-
ing problems that the Committee expects can be solved. But
these solutions may add to the program’s cost and delay its
schedule.

The original 2005 schedule showed Ares I and Orion avail-
able to support the ISS in 2012, two years after scheduled
Shuttle retirement. The current schedule now shows that
date as 2015. An independent assessment of the technical,

Review of U.S. Human Spaceflight Plans Committee 11
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budgetary and schedule risk to the Constellation Program
performed for the Committee indicates that an additional de-
lay of at least two years is likely. This means that Ares I and
Orion will not reach the ISS before the Station’s currently
planned termination, and the length of the gap in U.S. ability
to launch astronauts into space will be at least seven years.

The Committee also examined the design and development
of Orion. Many concepts are possible for crew-exploration
vehicles, and NASA clearly needs a new spacecraft for
travel beyond low-Earth orbit. The Committee found no
compelling evidence that the current design will not be ac-
ceptable for its wide variety of tasks in the exploration pro-
gram. However, the Committee is concerned about Orion’s
recurring costs. The capsule is considerably larger and more
massive than previous capsules (e.g., the Apollo capsule),
and there is some indication that a smaller and lighter four-
person Orion could reduce operational costs. However, a
redesign of this magnitude would likely result in more than
a year of additional development time and a significant in-
crease in development cost, so such a redesign should be
considered carefully before being implemented.

CAPABILITY FOR LAUNCH TO LOW-EARTH
ORBIT AND EXPLORATION BEYOND

Heavy-Lift Launch to Low-Earth Orbit and
Beyond

No one knows the mass or dimensions of the largest hardware
that will be required for future exploration missions, but it will
likely be significantly larger than 25 metric tons (mt) in launch
mass to low-Earth orbit, which is the capability of current
launchers. As the size of the launcher increases, the result is
fewer launches and less operational complexity in terms of as-
sembly and/or refueling in space. In short, the net availability
of launch capability increases. Combined with considerations
of launch availability and on-orbit operations, the Committee
finds that exploration would benefit from the availability of
a heavy-lift vehicle. In addition, heavy-lift would enable the
launching of large scientific observatories and more capable
deep-space missions. It may also provide benefit in national
security applications. The question this raises is: On what sys-
tem should the next heavy-lift launch vehicle be based?

Potential approaches to developing heavy-lift vehicles are
based on NASA heritage (Shuttle and Apollo) and (EELV)
Evolved Expendable Launch Vehicle heritage. (See Figure
ii.) Each has distinct advantages and disadvantages. In the
Ares-V-plus-Ares-1 system planned by the Constellation
Program, the Ares I launches the Orion and docks in low-
Earth orbit with the Altair lander launched on the Ares V.
This configuration has the advantage of projected very high
ascent crew safety, but it delays the development of the Ares
V heavy-lift vehicle until after the Ares I is developed.

In a different, related architecture, the Orion and Altair are
launched on two separate “Lite” versions of the Ares V, pro-
viding for more robust mission mass and volume margins.
Building a single NASA vehicle could reduce carrying and
operations costs and accelerate heavy-lift development. Of
these two Ares system alternatives, the Committee finds the
Ares V Lite used in the dual mode for lunar missions to be
the preferred reference case.

The Shuttle-derived family consists of in-line and side-mount
vehicles substantially derived from the Shuttle, thereby pro-
viding greater workforce continuity. The development cost
of the more Shuttle-derived system would be lower, but it
would be less capable than the Ares V family and have high-
er recurring costs. The lower lift capability could eventually
be offset by developing on-orbit refueling.

The EELV-heritage systems have the least lift capacity, re-
quiring almost twice as many launches as the Ares family to
attain equal performance. If on-orbit refueling were devel-
oped and used, the number of launches could be reduced,
but operational complexity would increase. However, the
EELV approach would also represent a new way of doing
business for NASA, which would have the benefit of po-
tentially lowering development and operational costs. This
would come at the expense of ending a substantial portion of
the internal NASA capability to develop and operate launch-
ers. It would also require that NASA and the Department of
Defense jointly develop the new system.

All of the options would benefit from the development of in-
space refueling, and the smaller rockets would benefit most
of all. A potential government-guaranteed market to provide
fuel in low-Earth orbit would create a strong stimulus to the
commercial launch industry.

The Committee cautions against the tradition of designing
for ultimate performance at the expense of reliability, opera-
tional efficiency, and life-cycle cost.

Crew Access to Low-Earth Orbit
How should U.S. astronauts be transported to low-Earth
orbit? There are two basic approaches: a government-

Launch Mass to LEO

NASA Ares Ares V + Ares | | 160 mt + 25 mt
Heritage Family
Ares V Lite 140 mt
Shuttle Derived Family 100 110 mt
EELV Heritage Family 75 mt

Figure ii. Characteristics of heavy-lift launch vehicles, indicating
the EELV and NASA heritage families. Source: Review of U.S.
Human Spaceflight Plans Committee
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operated system and a commercial transport service. The
current Constellation Program plan is to use the govern-
ment-operated Ares I launch vehicle and the Orion crew
capsule. However, the Committee found that, because of
technical and budget issues, the Ares I schedule no longer
supports ISS needs.

Ares I was designed to a high safety standard to provide as-
tronauts with access to low-Earth orbit at lower risk and a
considerably higher level of safety than is available today.
To achieve this, it uses a high-reliability rocket and a crew
capsule with a launch-escape system. But other combina-
tions of high-reliability rockets and capsules with escape
systems could also provide that safety. The Committee
was unconvinced that enough is known about any of the
potential high-reliability launcher-plus-capsule systems to
distinguish their levels of safety in a meaningful way.

The United States needs a

can the nation stimulate such activity? In the 1920s,
the federal government awarded a series of guaranteed
contracts for carrying airmail, stimulating the growth
of the airline industry. The Committee concludes that
an exploration architecture employing a similar policy
of guaranteed contracts has the potential to stimulate a
vigorous and competitive commercial space industry.
Such commercial ventures could include the supply of
cargo to the ISS (planning for which is already under
way by NASA and industry — see Figure iii), transport
of crew to orbit and transport of fuel to orbit. Estab-
lishing these commercial opportunities could increase
launch volume and potentially lower costs to NASA
and all other launch services customers. This would
have the additional benefit of focusing NASA on a
more challenging role, permitting it to concentrate its
efforts where its inherent capability resides: in devel-

means of launching astronauts
to low-Earth orbit, but it does
not necessarily have to be
provided by the government.
As we move from the com-
plex, reusable Shuttle back
to a simpler, smaller capsule,
it is appropriate to consider
turning this transport service
over to the commercial sector.
This approach is not without
technical and programmatic
risks, but it creates the possi-
bility of lower operating costs
for the system and potentially
accelerates the availability of
U.S. access to low-Earth or-
bit by about a year, to 2016.
If this option is chosen, the
Committee suggests estab-
lishing a new competition for
this service, in which both
large and small companies
could participate.

Station, MASA shall--

Lowering the cost of space
exploration

The cost of exploration is
dominated by the costs of
launch to low-Earth orbit and
of in-space systems. It seems
improbable that significant
reductions in launch costs
will be realized in the short

2008 AUTHORIZATION ACT

(a) In General- In order to stimulate commercial use of space, help maximize the
utility and productivity of the International Space 5tation, and enable a commercial
means of providing crew transfer and crew rescue services for the International Space

(1) make use of United States commercially provided International Space Station crew
transfer and crew rescue services to the maximum extent practicable, if those
commercial services have demonstrated the capability to meet NASA-specified ascent,
entry, and International Space Station proximity operations safety requirements;

(2) limit, to the maximum extent practicable, the use of the Crew Exploration Vehicle
to missions carrying astronauts beyond low Earth orbit once commercial crew transfer
and crew rescue services that meet safety requirements become operational;

(3) facilitate, to the maximum extent practicable, the transfer of NASA-developed
technologies to potential United States commercial crew transfer and rescue service
providers, consistent with United States law; and

{4) issue a notice of intent, not later than 180 days after the date of enactment of this
Act, to enter into a funded, competitively awarded Space Act Agreement with 2 or
mare commercial entities for a Phase 1 Commercial Orbital Transportation Services
crewed vehicle demonstration program.”

2008 APPROPRIATIONS ACT

“...encourage(d) MASA to consider exercising its option for the Commercial Cargo
Capability (COTS) Capability D (crew transport) as soon as possible...”

NATIONAL SECURITY PRESIDENTIAL DIRECTIVE - 49

“ . departments and agencies shall use commercial space capabilities and services to
the maximum practical extent.”

term until launch rates in-

crease substantially —perhaps Figure iii. Congressional guidance in FY 2008 NASA Authorization and Appropriation Acts and
through expanded commer- other national policies concerning commercial use of space and commercial crew capabilities.

cial activity in space. How Source: U.S. Government

Review of U.S. Human Spaceflight Plans Committee 13




SEEKING A HUMAN SPACEFLIGHT PROGRAM WORTHY OF A GREAT NATION

oping cutting-edge technologies and concepts, defin-
ing programs, and overseeing the development and
operation of exploration systems.

In the 1920’s the federal government also supported the
growth of air transportation by investing in technology.
The Committee strongly believes it is time for NASA to
reassume its crucial role of developing new technologies
for space. Today, the alternatives available for explora-
tion systems are severely limited because of the lack of
a strategic investment in technology development in past
decades. NASA now has an opportunity to generate a
technology roadmap that aligns with an exploration mis-
sion that will last for decades. If appropriately funded, a
technology development program would re-engage minds
at American universities, in industry, and within NASA.
The investments should be designed to increase the ca-
pabilities and reduce the costs of future exploration. This
will benefit human and robotic exploration, the commer-
cial space community, and other U.S. government users
alike.

FUTURE DESTINATIONS FOR EXPLORATION

What is the strategy for exploration beyond low-Earth orbit?
Humans could embark on many paths to explore the inner
solar system, most particularly the following:

* Mars First, with a Mars landing, perhaps after a brief test
of equipment and procedures on the Moon.

* Moon First, with lunar surface exploration focused on de-
veloping the capability to explore Mars.

» A Flexible Path to inner solar system locations, such as
lunar orbit, Lagrange points, near-Earth objects and the
moons of Mars, followed by exploration of the lunar sur-
face and/or Martian surface.

A human landing followed by an extended human pres-
ence on Mars stands prominently above all other op-
portunities for exploration. Mars is unquestionably the
most scientifically interesting destination in the inner
solar system, with a planetary history much like Earth’s.
It possesses resources that can be used for life support
and propellants. If humans are ever to live for long pe-
riods on another planetary surface, it is likely to be on
Mars. But Mars is not an easy place to visit with exist-
ing technology and without a substantial investment of

Shuttle Life ISS Life Heavy Launch Crew to LEO
Constrained Options
t:pﬂnn :’ . '“:‘::‘;‘; FY10 Budget 2011 2015 Ares V Ares 1 + Orion
ﬂll'ﬂl:::ni’:f:;:;mll FY10 Budget 2011 2020 Ares W Lite Commazrcial
Moon First Options I
Option 3: Baseline - o 5 - . e .
P i R Less constrained 2011 2015 Ares Ares I + Orion
Option 44: Moon First - nn 5 i ) )
Aras Lita Less constrained 2011 2020 Ares V Lite Commercial
Dptl::;ﬂ:ﬂllsm:m z Less constrained 2015 2020 DE:”:‘ﬂ“i ?'I:ILII'-‘E-::I':J Commercial
Flexible Path Options |
A: Flaxible Path -
et sl Less constraimed 2011 2020 Ares WV Lite Commercial
Ares Lite
Option SB:Flexible Path - Taimt EFLV + : )
! |
EELV Heritage Less constraimed 2011 2020 refueling Cormmeercia
oOption 5C: Flexible Path - N Directly Shuttle . :
shuttle Derved Less constramed 2011 2020 Derived + refusling Commercral

Figure iv. A summary of the Integrated Options evaluated by the Committee. Source: Review of U.S. Human Spaceflight Plans Committee
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resources. The Committee finds that Mars is the ulti-
mate destination for human exploration of the inner so-
lar system, but it is not the best first destination.

What about the Moon first, then Mars? By first exploring the
Moon, we could develop the operational skills and technolo-
gy for landing on, launching from and working on a planetary
surface. In the process, we could acquire an understanding
of human adaptation to another world that would one day
allow us to go to Mars. There are two main strategies for
exploring the Moon. Both begin with a few short sorties to
various sites to scout the region and validate lunar landing
and ascent systems. In one strategy, the next step would be
to build a lunar base. Over many missions, a small colony
of habitats would be assembled, and explorers would begin
to live there for many months, conducting scientific studies
and prospecting for resources to use as fuel. In the other
strategy, sorties would continue to different sites, spending
weeks and then months at each one. More equipment would
have to be brought to the lunar surface on each trip, but more
diverse sites would be explored and in greater detail.

There is a third possible path for human exploration beyond
low-Earth orbit, which the Committee calls the Flexible Path.
On this path, humans would visit sites never visited before
and extend our knowledge of how to operate in space—
while traveling greater and greater distances from Earth.
Successive missions would visit lunar orbit; the Lagrange
points (special points in space that are important sites for
scientific observations and the future space transportation
infrastructure); and near-Earth objects (asteroids and spent
comets that cross the Earth’s path); and orbit around Mars.
Most interestingly, humans could rendezvous with a moon
of Mars, then coordinate with or control robots on the Mar-
tian surface, taking advantage of the relatively short com-
munication times. At least initially, astronauts would not
travel into the deep gravity wells of the lunar and Martian
surface, deferring the cost of developing human landing and
surface systems.

The Flexible Path represents a different type of exploration
strategy. We would learn how to live and work in space,
to visit small bodies, and to work with robotic probes on
the planetary surface. It would provide the public and other
stakeholders with a series of interesting “firsts” to keep them
engaged and supportive. Most important, because the path
is flexible, it would allow for many different options as ex-
ploration progresses, including a return to the Moon’s sur-
face or a continuation directly to the surface of Mars.

The Committee finds that both Moon First and Flexible Path
are viable exploration strategies. It also finds that they are
not necessarily mutually exclusive; before traveling to Mars,
we might be well served to both extend our presence in free
space and gain experience working on the lunar surface.

INTEGRATED PROGRAM OPTIONS

The Committee has identified five principal alternatives for
the human spaceflight program. They include one baseline
case, which the Committee considers to be an executable
version of the current program of record, funded to achieve
its stated exploration goals, as well as four alternatives.
These options and several derivatives are summarized in
Figure iv.

The Committee was asked to provide two options that fit
within the FY 2010 budget profile. This funding is essen-
tially flat or decreasing through 2014, then increases at 1.4
percent per year thereafter, less than the 2.4 percent per year
used by the Committee to estimate cost inflation. The first
two options are constrained to the existing budget.

Option I. Program of Record as Assessed by the
Committee, Constrained to the FY 2010 budget.
This option is the program of record, with only two changes
the Committee deems necessary: providing funds for the
Shuttle into FY 2011 and including sufficient funds to de-
orbit the ISS in 2016. When constrained to this budget pro-
file, Ares I and Orion are not available until after the ISS
has been de-orbited. The heavy-lift vehicle, Ares V, is not
available until the late 2020s, and there are insufficient funds
to develop the lunar lander and lunar surface systems until
well into the 2030s, if ever.

Option 2. 1SS and Lunar Exploration, Constrained
to FY 2010 Budget. This option extends the ISS to 2020,
and begins a program of lunar exploration using a derivative
of Ares V, referred to here as the Ares V Lite. The option
assumes completion of the Shuttle manifest in FY 2011, and
it includes a technology development program, a program to
develop commercial services to transport crew to low-Earth
orbit, and funds for enhanced utilization of the ISS. This op-
tion does not deliver heavy-lift capability until the late 2020s
and does not have funds to develop the systems needed to
land on or explore the Moon in the next two decades.

The remaining three alternatives fit a different budget pro-
file—one that the Committee judged more appropriate for
an exploration program designed to carry humans beyond
low-Earth orbit. This budget increases to $3 billion above
the FY 2010 guidance by FY 2014, then grows with inflation
at what the Committee assumes to be 2.4 percent per year.

Option 3. Baseline Case—Implementable Program
of Record. This is an executable version of the Pro-
gram of Record. Tt consists of the content and sequence
of that program—de-orbiting the ISS in 2016, developing
Orion, Ares I and Ares V, and beginning exploration of the
Moon using the Altair lander and lunar surface systems. The
Committee made only two additions it felt essential: budget-
ing for the completion of remaining flights on the Shuttle
manifest in 2011 and including additional funds for the de-
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orbit of the ISS. The Committee’s assessment is that, under
this funding profile, the option delivers Ares I and Orion in
FY 2017, with human lunar return in the mid-2020s.

Option 4. Moon First. This option preserves the Moon
as the first destination for human exploration beyond low-
Earth orbit. It also extends the ISS to 2020, funds technol-
ogy advancement, and uses commercial vehicles to carry
crew to low-Earth orbit. There are two significantly differ-
ent variants to this option. Both develop the Orion, the Altair
lander and lunar surface systems as in the Baseline Case.

Variant 4A is the Ares V Lite variant. This option retires the
Shuttle in FY 2011 and develops the Ares V Lite heavy-lift
launcher for lunar exploration. Variant 4B is the Shuttle ex-
tension variant. It offers the only foreseeable way to elimi-
nate the gap in U.S. human-launch capability: by extending
the Shuttle to 2015 at a minimum safe-flight rate. It also
takes advantage of synergy with the Shuttle by developing a
heavy-lift vehicle that is more directly Shuttle-derived than
the Ares family of vehicles. Both variants of Option 4 per-
mit human lunar return by the mid-2020s.

Option 5. Flexible Path. This option follows the Flex-
ible Path as an exploration strategy. It operates the Shuttle
into FY 2011, extends the ISS until 2020, funds technology
advancement and develops commercial services to transport
crew to low-Earth orbit. There are three variants within this
option. They all use the Orion crew exploration vehicle, to-
gether with new in-space habitats and propulsions systems.
The variants differ only in the heavy-lift vehicle used.

Variant 5A is the Ares V Lite variant. It develops the
Ares V Lite, the most capable of the heavy-lift vehicles in
this option. Variant 5B employs an EELV-heritage com-
mercial heavy-lift launcher and assumes a different (and
significantly reduced) role for NASA. It has an advan-
tage of potentially lower operational costs, but requires
significant restructuring of NASA. Variant 5C uses a
Shuttle-derived, heavy-lift vehicle, taking maximum ad-
vantage of existing infrastructure, facilities and produc-
tion capabilities.

All variants of Option 5 begin exploration along the flexible
path in the early 2020s, with lunar fly-bys, visits to Lagrange
points and near-Earth objects and Mars fly-bys occurring at
a rate of about one major event per year, and possible ren-
dezvous with Mars’s moons or human lunar return by the
mid- to late-2020s.

The Committee has found two executable options that com-
ply with the FY 2010 budget profile. However, neither al-
lows for a viable exploration program. In fact, the Commit-
tee finds that no plan compatible with the FY 2010 budget
profile permits human exploration to continue in any mean-
ingful way.

The Committee further finds that it is possible to conduct a
viable exploration program with a budget rising to about $3
billion annually in real purchasing power above the FY 2010
budget profile. At this budget level, both the Moon First and
the Flexible Path strategies begin human exploration on a
reasonable but not aggressive timetable. The Committee be-
lieves an exploration program that will be a source of pride
for the nation requires resources at such a level.

ORGANIZATIONAL AND PROGRAMMATIC
ISSUES

How might NASA organize to explore? The NASA Admin-
istrator needs to be given the authority to manage NASA’s
resources, including its workforce and facilities. It is noted
that even the best-managed human spaceflight programs will
encounter developmental problems. Such activities must be
adequately funded, including reserves to account for the un-
foreseen and unforeseeable. Good management is especial-
ly difficult when funds cannot be moved from one human
spaceflight budget line to another—and where additional
funds can ordinarily be obtained only after a two-year delay
(if at all). NASA would become a more effective organiza-
tion if it were given the flexibility possible under the law to
establish and manage its programs.

Finally, significant space achievements require continuity of
support over many years. Program changes should be made
based on future costs and future benefits and then only for
compelling reasons. NASA and its human spaceflight pro-
gram are in need of stability in both resources and direction.
This report of course offers options that represent changes to
the present program—along with the pros and cons of those
possible changes. It is necessarily left to the decision-maker
to determine whether these changes rise to the threshold of
“compelling.”

SUMMARY OF PRINCIPAL FINDINGS

The Committee summarizes its principal findings below.
Additional findings are included in the body of the report.

The right mission and the right size: NASA’s budget
should match its mission and goals. Further, NASA should
be given the ability to shape its organization and infrastruc-
ture accordingly, while maintaining facilities deemed to be
of national importance.

International partnerships: The U.S. can lead a bold
new international effort in the human exploration of space.
If international partners are actively engaged, including on
the “critical path” to success, there could be substantial ben-
efits to foreign relations and more overall resources could
become available to the human spaceflight program.

Short-term Space Shuttle planning: The remaining
Shuttle manifest should be flown in a safe and prudent man-

16 Review of U.S. Human Spaceflight Plans Committee



SEEKING A HUMAN SPACEFLIGHT PROGRAM WORTHY OF A GREAT NATION

ner without undue schedule pressure. This manifest will
likely extend operation into the second quarter of FY 2011.
It is important to budget for this likelihood.

The human-spaceflight gap: Under current conditions,
the gap in U.S. ability to launch astronauts into space will
stretch to at least seven years. The Committee did not iden-
tify any credible approach employing new capabilities that
could shorten the gap to less than six years. The only way to
significantly close the gap is to extend the life of the Shuttle
Program.

Extending the International Space Station: The
return on investment to both the United States and our in-
ternational partners would be significantly enhanced by an
extension of the life of the ISS. A decision not to extend its
operation would significantly impair U.S. ability to develop
and lead future international spaceflight partnerships.

Heavy lift: A heavy-lift launch capability to low-Earth orbit,
combined with the ability to inject heavy payloads away from
the Earth, is beneficial to exploration. It will also be useful to
the national security space and scientific communities. The
Committee reviewed: the Ares family of launchers; Shuttle-
derived vehicles; and launchers derived from the Evolved Ex-
pendable Launch Vehicle family. Each approach has advan-
tages and disadvantages, trading capability, life-cycle costs,
maturity, operational complexity and the “way of doing busi-
ness” within the program and NASA.

Commercial launch of crew to low-Earth orbit:

Commercial services to deliver crew to low-Earth orbit are
within reach. While this presents some risk, it could provide
an earlier capability at lower initial and life-cycle costs than
government could achieve. A new competition with ade-
quate incentives to perform this service should be open to all
U.S. aerospace companies. This would allow NASA to fo-

cus on more challenging roles, including human exploration
beyond low-Earth orbit based on the continued development
of the current or modified Orion spacecraft.

Technology development for exploration and commer-
cial space: Investment in a well-designed and adequately
funded space technology program is critical to enable prog-
ress in exploration. Exploration strategies can proceed more
readily and economically if the requisite technology has
been developed in advance. This investment will also ben-
efit robotic exploration, the U.S. commercial space industry,
the academic community and other U.S. government users.

Pathways to Mars: Mars is the ultimate destination for
human exploration of the inner solar system; but it is not the
best first destination. Visiting the “Moon First” and follow-
ing the “Flexible Path” are both viable exploration strate-
gies. The two are not necessarily mutually exclusive; be-
fore traveling to Mars, we could extend our presence in free
space and gain experience working on the lunar surface.

Options for the human spaceflight program: The
Committee developed five alternatives for the Human
Spaceflight Program. It found:

e Human exploration beyond low-Earth orbit is not viable
under the FY 2010 budget guideline.

¢ Meaningful human exploration is possible under a less-
constrained budget, increasing annual expenditures by ap-
proximately $3 billion in real purchasing power above the
FY 2010 guidance.

* Funding at the increased level would allow either an ex-
ploration program to explore the Moon First or one that
follows the Flexible Path. Either could produce signifi-
cant results in a reasonable timeframe.
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CHAPTER 1.0

The Executive Office of the President established the
Review of U.S. Human Spaceflight Plans Committee to
develop options “in support of planning for U.S. human
spaceflight activities beyond the retirement of the Space
Shuttle.” The Committee was asked to review the pro-
gram of record and offer prospective alternatives, not to
recommend a specific future course for the human space-
flight program. The Committee consisted of 10 individuals
versed in the history, challenges and existing policies and
plans for human spaceflight, members representing a broad
and diverse set of views on spaceflight’s possible future.
The Committee’s deliberations in its seven public sessions
were informed by dozens of briefings, several site visits,
and hundreds of documents received directly or through
its website.

The current U.S. human spaceflight program appears to be
on an unsustainable trajectory. It is perpetuating the peril-
ous practice of pursuing goals that are often admirable, but
which do not match available resources. President Ken-

INTEGRATED PROGRAM 1970 - 1990

nedy stated, “We choose to . . . do [these] things, not be-
cause they are easy, but because they are hard. . .” And,
indeed, space operations are among the most complex and
demanding activities ever undertaken by humans. It really
is rocket science. Space operations become all the more
difficult when means do not match aspirations. Such is the
case today. The human spaceflight program, in the opinion
of this Committee, is at a tipping point where either addi-
tional funds must be provided or the exploration program
first instituted by President Kennedy must be abandoned at
least for the time being.

America continues to enjoy a clear global leadership role
in space capabilities. NASA’s accomplishments are legion.
Foremost among these is the landing of 12 astronauts on the
Moon and returning them all safely to Earth. At that time,
optimism was such that a study chaired by then-Vice Presi-
dent Agnew provided options to place humans on Mars by
the mid-1980s—less than two decades after the initial lunar
landing. (See Figure 1-1.)
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Figure 1-1.The integrated program that never was. The human spaceflight program that was expected to follow the initial Apollo lunar missions. Only a space

shuttle and space station have been developed so far. Source: NASA
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Figure I-2. Astronaut Gene Cernan as photographed by astronaut Jack
Schmitt on the sixth and final Apollo exploration of the lunar surface in 1972.
Source: NASA (Apollo 17)

But that was 40 years ago. The last person to stand on the
Moon returned to Earth 37 years ago. (See Figure 1-2.) Since
the end of the Apollo Program, no American has traveled
more than 386 miles from the surface of the Earth. Some 70
percent of Americans living today had not yet been born at
the time of Apollo 11.

Today, the nation faces important decisions about the future
of human spaceflight. Will we again leave the close proxim-
ity of low-Earth orbit and explore the solar system, charting
a path for the eventual expansion of human civilization into
space? If so, how will we ensure that our exploration deliv-
ers the greatest benefit to the nation? Can we explore with
reasonable assurance of human safety? And can the nation
marshal the resources to embark on the mission? Although
there remain significant potential barriers to prolonged deep-
space operations, which deserve greater attention than they
are currently receiving (e.g., adaptation of humans to the mi-
cro-gravity and radiation environments of space away from
the protective features of the Earth), the principal barrier to
space operations continues to be its high cost compared with
the resources that have been available.

Space exploration, initially a competitive pursuit, has be-
come a global enterprise. Many other nations have aspi-
rations in space, and the combined annual budgets of their
space programs are comparable to NASA’s. If the U.S. is
willing to lead a global program of exploration, sharing both
the burdens and benefits of space exploration in a meaning-
ful way, significant benefits could follow. Actively engaging
international partners in a manner adapted to today’s multi-
polar world could strengthen geopolitical relationships,
leverage global financial and technological resources, and
enhance the exploration enterprise.

In addition, there is now a burgeoning commercial space in-
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dustry. Given the appropriate incentives, this industry might
help overcome a long-standing problem. The cost of admis-
sion to a variety of space activities strongly depends on the
cost of reaching low-Earth orbit. These costs become even
greater when, as is the circumstance today, large sums are
paid to develop new launch systems but those systems are
used only infrequently. It seems improbable that order-of-
magnitude reductions in launch costs will be realized until
launch rates increase substantially. But this is a “chicken-
and-egg” problem. The early airlines faced a similar bar-
rier, which was finally resolved when the federal govern-
ment awarded a series of guaranteed contracts for carrying
the mail. A corresponding action may be required if space
is ever to become broadly accessible. If we craft a space
architecture to provide opportunities to industry, creating an
assured initial market, there is the potential —not without
risk—that the eventual costs to the government could be re-
duced substantially.

Significantly, we are more experienced than we were in 1961,
and we are able to build on that experience as we design an
exploration program. If, after designing cleverly, building
alliances with partners, and engaging commercial providers,
the nation cannot afford to fund the effort to pursue the goals
it would like to embrace, it should accept the disappointment
of setting lesser goals. Whatever space program is ultimate-
ly selected, it must be matched with the resources needed
for its execution. Here lies NASA’s greatest peril of the
past, present, and—absent decisive action—future. These
challenging initiatives must be adequately funded, including
reserves to account for the unforeseen and unforeseeable.
(See Figure 1-3.)

Real Year Dollars 2008 Constant Dollars (Billions)

(Bllions) Using GDF Defiator

Mercury 03 18
(1959-1863)
Gamini

13 72
(15821567
Apollo
e 246 1205
Shuttle 112.8 1725
(1971-2009)
ISS

NS5 352
(1504-2005)
Constellation 1082 -
(2006-2020)

Notes:

I. Mercury, Gemini, Apollo, Shuttle, and ISS costs are actual costs derived
from historical budget documents.

2. Constellation costs are estimates that are supplied by the Constellation
Program Office and based on an unconstrained budget that cumulates in
a single Human Lunar return mission in 2020.

Figure [-3. Human Spaceflight Programs Costs in Real Year and
Constant Year 2009 Dollars. Source: NASA
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Figure [-4. NASA Appropriation History in Real Year and Constant Year 2009 Dollars. Source: OMB Historical Budget Tables

Can we explore with reasonable assurance of human safety?
Human space travel has many benefits, but it is an inher-
ently dangerous endeavor. Past gains in launch systems re-
liability and safety have been realized at a painfully slow
pace. Predictive models have generally proven unsatisfac-
tory in accurately forecasting absolute reliability —many ac-
tual failures have been attributable to causes not included in
most reliability models (e.g., process errors, design flaws,
and, less frequently, operational errors). A great deal has
been learned in building more reliable space systems, and
this is not to suggest otherwise; rather, it is to confirm that
this is an area deserving continuing attention. Human safety
can never be absolutely assured, but throughout this report,
safety is treated as the sine qua non. Concepts falling short
in human safety have simply been eliminated from consider-
ation. For example, no options proceeding directly to Mars
have been offered as alternatives, because the Committee
believes the state of technology, the understanding of risks,
and the available operational experience are sufficiently im-
mature—irrespective of the budgetary limitations—to com-
mit to such an endeavor.

How will we explore to deliver the greatest benefit to the
nation? Planning for a human spaceflight program should
begin with a choice of goals —rather than a choice of desti-
nations. Destinations should derive from goals, and alter-
native architectures may be weighed against those goals.
There is now a strong consensus in the United States that
the next step in human spaceflight should be to travel be-
yond low-Earth orbit. This promises to provide important
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benefits to society, including driving technological inno-
vation; developing commercial industries and important
national capabilities; and contributing to our expertise in
further exploration. Human exploration can contribute
appropriately to the expansion of scientific knowledge,
especially field geology, and it is in the interest of both
science and human spaceflight that a credible and well-
rationalized strategy of coordination between the two en-
deavors be developed. Robotic spacecraft will play an
important role as a precursor to human spaceflight activi-
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Figure 1-5. As a percent of Gross Domestic Product the NASA budget has

more or less continuously diminished since the peak of the Apollo program.
Source: OMB Historical Budget Tables
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Figure 1-6.The overall NASA budget as a fraction of the federal budget has declined from
4.5 percent at the peak of the Apollo program to approximately 0.5 percent today. Source:

OMB Historical Budget Tables
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ties. The Committee concluded that the ultimate goal of
human exploration is to chart a path for human expansion
into the solar system. This is an ambitious goal, but one
worthy of U.S. leadership in concert with a broad range
of international partners.

With regard to the human spaceflight program itself, the
Committee has been deluged with strongly and genuinely
held, frequently conflicting, beliefs as to the program’s
proper composition. For example, the following statements
appeared in six different communications that happened to
come across the Committee Chairman’s desk within minutes
of each other:

* “As an American, having NASA field a Py
retro-reenactment of the Apollo program
to get back to the moon a half-century af-
ter we sent people there the first time is

e . o 00
humiliating.
* “From a safety and continuity standpoint i
the next step in space must be a return to B
the moon.” E
i
* “lam an aerospace engineering master’s ; 18,0

candidate. [My classmates’] options are
working for monolithic bureaucracies
where their creativity will be crushed by i e
program cancellations, cost overruns and

risk aversion... It is no surprise that many

of them choose to work in finance...”

L5
La g5 5

o “We remember the past well and remind
ourselves often of long gone civilizations
whose innovations in science, technol-
0gy and learning yielded knowledge that

L8
L

* “..going back to the moon takes us into an intel-
lectual and political cul de sac...”

e “The audacity to go to the moon was perhaps
the 20th century’s greatest illustration of Ameri-
ca’s optimism. Present generations of Americans
need to capture some of that audacity.”

A primary issue in formulating a human spaceflight
plan is its affordability. In the way of background, Fig-
ures 1-4, 1-5 and 1-6 present the overall NASA bud-
get trend over time in absolute terms and in relation-
ship to the GDP and the federal budget, respectively.
The trend in funding the human spaceflight portion of
NASA’s portfolio is shown in Figure 1-7. Today, the
human spaceflight program costs each citizen about
seven cents a day.

So what should America’s human spaceflight program
look like? Before answering that question, we must
face an underlying reality. We are where we are. The
Committee thus identified five questions that could
form the basis of a plan for U.S. human spaceflight:

What should be the future of the Space Shuttle?
What should be the future of the International Space Station?

On what should the next heavy-lift launch vehicle be
based?

How should crew be carried to low-Earth orbit?

What is the most practicable strategy for exploration be-
yond low-Earth orbit?

B
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served as beacons of brilliance, but who  Figure 1-7. Human spaceflight yearly annual budget in FY 2009 dollars (left scale) and as a percentage

lost the spark and faded.”

of total NASA budget (right scale.) Source: NASA
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Figure [-8.Artist’s concept of Mars mission activity. Source: NASA

The Committee considers the framing of these questions, in
a consistent way, to be at least as important as their com-
binations in the integrated options for a human spaceflight
plan. The Committee assessed the programs within the cur-
rent human spaceflight portfolio, considered capabilities and
technologies that a future program might require, and exam-
ined the roles of commercial industry and our international
partners in this enterprise.

A human landing and extended human presence on Mars
stand prominently above all other opportunities for ex-
ploration. (See Figure 1-8.) Mars is unquestionably the
most scientifically interesting destination in the inner so-
lar system. It possesses resources which can be used for
life support and propellants. If humans are ever to live
for long periods with intention of extended settlement on
another planetary surface, it is likely to be on Mars. But
Mars is not an easy place to visit with existing technology
and without a substantial investment in resources. The
Committee concluded that Mars is the ultimate destina-
tion for human exploration of the inner solar system; but
as already noted, it is not the best first destination.

The Committee thus addressed several possible strate-
gies for exploration beyond low-Earth orbit. We could
choose to explore the Moon first, with lunar surface
exploration focused on developing the capability to
explore Mars. Or we could choose to follow a flex-
ible path to successively distant or challenging destina-
tions, such as lunar orbit, Lagrange points, near-Earth
objects, or the moons of Mars, which could lead to the
possible exploration of the lunar surface and/or Mar-
tian surface.

As a result of its deliberations, the Committee developed
five integrated options for the U.S. human spaceflight pro-
gram that the Committee deems representative: one base-
line case, founded upon the Constellation program, and

four alternatives. Two of the options are constrained to
the FY 2010 budget profile. The remaining three options,
including the baseline, fit a less-constrained budget. It
was possible to define some 3,000 potential options from
the set of parameters considered —hence the options pre-
sented here should be thought of as representative fami-
lies. Various program additions and deletions among
these families are also plausible, with appropriate budget
adjustments —including a proper accounting of the many
interdependent facets of these integrated options. Several
of these derivatives are discussed in this report.

The Committee considers it important for any explora-
tion strategy to offer a spectrum of choices that pro-
vides periodic milestone accomplishments as well as a
continuum of investment cost options. Unfortunately,
for all options examined, the “entry cost” for human
exploration is indeed significant—and for the more in-
spiring options there does not seem to be a “cost con-
tinuum.” Put another way, there is a sizeable differ-
ence in the cost of programs between those operating in
low-Earth orbit and those exploring beyond low-Earth
orbit.

Clearly, a more penetrating analysis into any choice
will be required before fully embarking upon it. How-
ever, the Committee believes it has fairly represented
the most plausible courses. It bases this assessment
in part on the extraordinary supporting effort provid-
ed by NASA personnel —an effort that was forthright,
competent, and, in the NASA spirit, “can-do.” The
Committee also benefited significantly from prior in-
dependent reviews of NASA activities. In addition, the
Committee contracted with the Aerospace Corporation
to provide independent assessments. During the Com-
mittee’s deliberations, it was informed by day-long
public meetings in Houston, TX, Huntsville, AL, and
Cocoa Beach, FL, as well as five days of meetings in
Washington, DC. In addition, its subcommittees held
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How important is it to you, if at all, that NASA continues with space exploration?

10%

50%

CINot At All

W Only Slightly
H Somewhat
HVery

How relevant, if at all, would you say NASA and its activities are to you, your family and your friends?

“INot At All

M Only Slightly
B Somewhat

Ul Extremely

Figure 1-9. Space exploration (human/robotic) continues to be valued by Americans — 77% think it is very or somewhat important, while 58% think it extremely
or somewhat relevant. Source: NASA - 2009 Market Research Insights and Implications - August 6, 2009

meetings in Denver, CO; Decatur, AL; Huntsville, AL;
Michoud, LA; Hawthorne, CA; El Segundo, CA; and
Dulles, VA. The group conducted numerous telecon-
ference and videoconference preparatory sessions and
communicated frequently by e-mail (over 1,700 e-mails
in the Chairman’s case).

Seeking to benefit from the views of the public, the Com-
mittee: established a website and Facebook site; used
Twitter; conducted all decisional meetings in public ses-
sion (meetings that were also carried on NASA TV); pro-
vided opportunity for public comment at five of the formal
meetings; testified before committees of both the House
and Senate; and held seven press conferences. Partici-
pation by the public was extensive—and the Committee
made use of that input. It is heartening to note that the
public still strongly supports the overall efforts of NASA.
(See Figure 1-9.)

Finally, it is reasonable to ask whether a review over
several months is sufficient to offer the options present-
ed here. Certainly, the issues at hand demand a broad

24 _— Review of U.S. Human Spaceflight Plans Committee

and detailed understanding of the human spaceflight
program—ranging from an awareness of the impact of
galactic cosmic rays on the human body to the fact that
the hook-height at NASA’s Michoud Assembly Facility
will only allow the manufacture of a stage with a diam-
eter of 33 feet.

Each of the Committee members had accrued extensive
experience with spaceflight issues long before the begin-
ning of this review. For example, the members cumu-
latively have amassed 245 days in orbit, 6 flights into
space, 293 years working on space matters, 175 years in
science, 144 years in engineering, 143 years in engineer-
ing management, 61 years in space operations, 77 years
in government, 35 years in the military, and 160 years in
the private sector. (The totals reflect the overlap of some
of these categories.)

The Committee believes that the options presented here,
if matched with appropriate funds, provide a reasonable
foundation for selecting a human spaceflight program
worthy of a great nation.
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U.S. Human Spaceflight:

Historical Review

In human spaceflight, as in other endeavors, [z Elye New Hork Times. |

a review of the past can help provide per-
spective in planning for the future. This
chapter, noting the findings of some ear-
lier space-program assessments, seeks to
provide such perspective.

In 1961, President John F. Kennedy force-
fully and publicly focused the nation’s na-
scent space program on a single goal: U.S.
astronauts would set foot on the surface
of the Moon before the end of the decade,
and return safely. More feasible than a
mission to Mars, and with better prospect
of preceding the Soviets than seeking to
develop an orbiting space station, the lu-
nar landing would ensure U.S. standing
as the leader in the world’s most promi-
nent exploration competition. Kennedy’s
challenge to NASA and the nation was an
audacious one, given that at the time he
made it in 1961, no American had even
reached Earth orbit.

SOVIET FIRES EARTH SATELLITE I.'h'mé;.-lff.' 3
IT IS CIRCLING THE GLOBE AT 15,000 M. P. H.;
SPHERE TRACKED IN 4 CROSSINGS OVER U, 5.

_:: Eheh‘e}g_g?_{ﬁﬁmm =
MEN WALK ON MOON

ASTRONAUTS LAND ON PLAIN;
COLLECT ROCKS, PLANT FLAG

& Prebery Surfas
Is Chosly Eaphored

Figure 2-1. Front page of The New York Times from October 5, 1957 and July 21, 1969.

Source: The New York Times

President Kennedy markedly accelerated
the U.S. space program, but he did not ini-
tiate it. NASA was established in 1958. President Dwight
Eisenhower supported human missions to low-Earth orbit
and beyond, but he emphasized fiscal restraint in the ef-
fort. According to George Low, at the time NASA Chief
of Manned Spaceflight, a desirable lunar program should
have project costs kept in balance with expected returns
and within the foreseeable NASA budget. By the 1960s,
the drive to meet the end-of-decade goal superseded those
restraints.

The outcome of the so-called Space Race was not a fore-
gone conclusion. Among numerous Soviet achievements,
it was a cosmonaut who was the first human to orbit the
Earth, and another to first conduct extra-vehicular activ-

ity. The U.S. Mercury and Gemini programs achieved
their objectives of developing and flight-testing the kinds
of equipment and procedures that would be needed in a
lunar mission. But in 1967, with less than three years re-
maining before the deadline set by President Kennedy, fire
broke out in the pure-oxygen environment of the Apollo
1 command module during a ground test, resulting in the
death of the three astronauts on board. Despite the de-
lay from the accident and its aftermath, on July 20, 1969,
Neil Armstrong and Buzz Aldrin of Apollo 11 became the
first humans to set foot on a celestial body beyond our
own, while Mike Collins orbited above, preparing for the
return to Earth. Ten more astronauts, on five more Apollo
missions, would reach the lunar surface.
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Big goals are energizing, for individuals and for national ef-
forts. (See Figure 2-1) But the problem with focusing on a
single all-consuming objective is the letdown that can ensue
after the objective is achieved. Public interest appeared to
wane during the course of succeeding lunar missions. NASA
had ambitious set of plans to follow Apollo. Space stations
would orbit the Earth. A more permanent lunar presence
would be established by 1982. Proposed hardware included
a space tug and a nuclear-powered shuttle. The first crewed
landing on Mars would take place by the mid-1980s. By
1990, there would be 100 humans in low-Earth orbit, 48 on
the Moon and 72 on Mars and its moons. Most of that never
came to pass. Since 1972, the year of the last Apollo lunar
mission, no human has ventured farther from the Earth’s sur-
face than 386 miles.

President Richard Nixon did not end the space program, but
he did much to scale it back. The trajectory of the NASA
budget shifted downward. The Nixon administration was
responding not only to the perceived decline in public sup-
port for far-reaching human space exploration, but also to the
economic decline at the time. When a task group established
by the administration presented options that included a lunar
return and a program aimed at Mars, the President confined
the nation’s crew-carrying space ventures instead to low-
Earth orbit.

The keystone of the redefined initiative was the Space Shut-
tle, the reusable departure from the expendable transport sys-
tems used until that time, capable of launching as a rocket
and landing as an aircraft. The economic case for the Shuttle
was that it would provide dependable, high-frequency access
to orbit, with relatively low cost. Government payloads, both
civil and military, would be delivered aboard the orbiter, as
well as commercial satellites. On some missions, the vehicle
would serve as an orbiting laboratory. Despite its unprec-
edented technical complexity, the Shuttle’s development
budget was constrained, eliminating design options such as
a fully reusable, two-stage configuration.

The first Space Shuttle reached orbit in April 1981, a little
less than a decade after President Nixon announced the pro-
gram in 1972. Launch frequency never approached original
expectations, and the cost per mission turned out to be far
greater than what was forecast. The plan to launch on nearly
a weekly basis was cut to 24 flights per year, and even that
proved unattainable. By January of 1986, five orbiters had
flown four test flights and 20 operational missions.

On the morning of January 28, 1986, Space Shuttle Chal-
lenger was destroyed in an explosion 73 seconds after launch.
The accident claimed the lives of all seven crew members.
The Presidential Commission that investigated the accident,
chaired by William Rogers, called for measures to correct
critical design flaws in the Shuttle, as well as to correct man-
agement shortcomings it identified at NASA. The Commis-
sion advocated reasonable expectations for the Shuttle Pro-
gram, urging that the space agency “establish a flight rate that
is consistent with its resources.”

After the Shuttle had been flying a variety of missions for a
number of years, its primary purpose evolved to constructing
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and supporting space stations. Both the U.S. and the Soviet
Union began operating orbiting platforms for research and
other functions in the early 1970s. In his 1984 State of the
Union Address, President Ronald Reagan announced plans
to construct what became known as Space Station Freedom.
James Beggs, NASA Administrator at the time, called this
permanent orbiting facility “the next logical step” in space
exploration. For President Reagan, the international project
served as an element of foreign policy, helping to reinforce
ties with allied nations. Later, after the end of the Soviet
Union but before any joint space station was built, the sta-
tion concept was promoted as a means to help foster coop-
eration with a former adversary.

In fact, Freedom was never built. The decade following the
Reagan announcement saw a long series of design studies,
redesigns and cost reassessments. Eventually, the original
initiative, which included the U.S., Europe, Japan, and Can-
ada, was expanded by joining forces with Russia to build the
International Space Station. Before construction began on
the International Space Station, the U.S. was building expe-
rience with the Russians, flying Shuttle missions to the Mir
space station and flying NASA astronauts on Soyuz vehicles
to long-duration Mir missions.

What tasks should a space station perform? Long-term, what
should the United States be seeking to accomplish in space?
In 1985, the sense in Congress was that it was not getting
an adequate response from NASA and the White House, so,
through legislation, it directed the establishment of an inde-
pendent commission to examine these questions. Former
NASA Administrator Thomas Paine chaired the National
Commission on Space, which developed a half-century
roadmap for the U.S. civil space program. Among numer-
ous recommendations, the Commission counseled against
focusing efforts on a single objective, on the Apollo model,
with nothing to follow. It stressed program continuity, so
there would not be another gap like the one between the end
of Apollo and the beginning of the Shuttle. And it departed
from the policy that had prevailed over the previous decade,
limiting operational focus to low-Earth orbit. Humans were
to return to the Moon by 2005 and reach Mars by 2015. The
impact of the Paine Commission Report was diminished by
timing: The Challenger accident occurred during the course
of the Commission’s inquiry.

In 1989, on the 20th anniversary of the Apollo 11 Moon
landing, President George H. W. Bush announced the Space
Exploration Initiative, which supported a number of the
objectives spelled out in the earlier Paine Report, such as
missions to the Moon and Mars. In the same speech, the
President asked Vice President Dan Quayle to lead a Na-
tional Space Council, which would determine the require-
ments to fulfill the Initiative. NASA Administrator Richard
Truly, in turn, established a task force to support that inquiry.
Among the findings of this “90-Day Study,” the projected
total cost of the proposed lunar and Mars projects, over 34
years, would be an estimated $541 billion (in 1991 dollars).
In 1990, Congress zeroed the budget of the Space Explora-
tion Initiative.
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President Bush, Vice President Quayle and the Space Coun-
cil called for a fresh assessment of the long-term prospects of
NASA and the U.S. civil space program. To provide that as-
sessment, an advisory committee was established, chaired by
Norman R. Augustine, which raised numerous issues, start-
ing with the lack of a national consensus on space program
goals. Within NASA, the committee found an overextended
agency, with shortcomings in budget, project development,
personnel practices and other areas of management, and the
committee cited the need for a heavy-lift launch vehicle and
a space program balanced between human and robotic flight.
The committee said the U.S. civil space program is “overly
dependent upon the Space Shuttle for access to space.” The
committee also stated that “the statistical evidence indicates
that we are likely to lose another Space Shuttle in the next
several years.” Among its prescriptions for improvement,
the committee presented a new approach for long-range
planning of space-exploration projects, in which programs
would be “tailored to respond to the availability of funding,
rather than adhering to a rigid schedule” that failed to recog-
nize the impact of funding changes.

Twelve years later, on February 1, 2003, the nation did lose
another Shuttle. Columbia, the first orbiter to reach space
22 years earlier, was destroyed during reentry, with the loss
of all seven members of its crew. The Columbia Accident
Investigation Board documented the physical cause of the
accident, but also cited organizational and communications
failures within NASA that allowed the critical damage to oc-
cur and go unaddressed. The report went on to cite “a lack,
over the past three decades, of any national mandate provid-
ing NASA a compelling mission requiring human presence
in space . ..”

Throughout NASA’s history, while human spaceflight ef-
forts garnered the most national attention, the agency con-
tinued to launch satellites, deep-space probes and rovers of
ever-greater sophistication. The success of robotic missions
such as the Voyager spacecraft to the outer planets fostered
debate over the relative value of robotic versus human space
exploration. In 1999, NASA Administrator Dan Goldin
chartered a small internal task force—the Decadal Planning
Team, which later evolved into a larger, agency-wide team
known as the NASA Exploration Team—to investigate the
best ways to coordinate human and robotic missions. These
teams followed a series of architecture studies over the pre-
vious decade, such as the report of General Thomas Stafford
and the Synthesis Group, all aimed at charting a renewed
course of space exploration.

The work of the two NASA teams helped provide the basis
for a new policy established by President George W. Bush
in 2004, the Vision for Space Exploration. In announcing
the Vision, the President acknowledged the numerous tan-
gible benefits of space missions, in areas such as commu-
nications and weather forecasting, but the central purpose
he stressed—as reflected in the name of the policy —was
exploration, continuing the American tradition of discovery
in uncharted territory. The new initiative echoed the earlier
Eisenhower policy: fly well beyond Earth’s realm, but do it
on a fiscally sustainable basis.

Leading the agenda set out in the Vision was completion
of the ISS by 2010. One reason cited was to meet the na-
tion’s obligations to its international partners; another was
to investigate the effects on human biology of extended ex-
posure to the space environment, thereby helping to develop
the means to sustain astronauts on subsequent, long-duration
missions. At least initially, the Vision did not stress the role
of the ISS as a laboratory for other kinds of research. Com-
pletion of the ISS depended on returning the Space Shuttle
to flight once safety concerns raised in the Columbia acci-
dent investigation were sufficiently addressed. Exploration
beyond low-Earth orbit, under the Vision plan, was focused
on the Moon—starting with robotic missions no later than
2008, followed by human return to the lunar surface by
2020. Once a human presence is well established on the
Moon, the President said, “we will then be ready to take the
next steps of space exploration: human missions to Mars and
to worlds beyond.”

At the time he announced the Vision, President Bush also
appointed a commission, chaired by E. C. “Pete” Aldridge,
Jr., to develop recommendations for implementing the plan.
Among its recommendations, the commission said that
NASA should “aggressively use its contractual authority
to reach broadly into the commercial and nonprofit com-
munities to bring the best ideas, technologies, and manage-
ment tools into the accomplishment of exploration goals.”
Through its Commercial Orbital Transportation Services
(COTS) program, NASA solicited proposals for private-sec-
tor transport of cargo and possibly crew to the International
Space Station. Three awards were made, one of which was
subsequently cancelled by NASA for failure to meet mile-
stones.

In announcing the Vision, President Bush noted that “Amer-
ica has not developed a new vehicle to advance human ex-
ploration in space in nearly a quarter century.” Proposals for
a next-generation space vehicle had long been considered,
but with the loss of Columbia, and with a mandate from the
new Presidential policy to focus on the completion of the
ISS, and then retire the Space Shuttle, NASA affirmatively
began preparing for near-term retirement of the Shuttle. A
newly constituted Exploration Systems Mission Directorate
led the task of developing the Shuttle’s successor. Initially,
NASA chose a broad concept-maturation, risk reduction,
and technology-investment approach to developing explora-
tion systems.

In 2005, after Dr. Michael Griffin became Administrator,
NASA undertook the Exploration Systems Architecture
Study (ESAS) to select vehicles and systems in keeping
with the Vision. The team evaluated hundreds of potential
configurations. A leading objective was to minimize the gap
between the last Shuttle flight and the first flight of the new
vehicle. A date of 2012 was set for that first flight. An-
other criterion, spelled out in the 2005 Authorization Act for
NASA, was to make use, as much as possible, of assets and
infrastructure carried over from the Shuttle Program. Since
the new system—actually a family of vehicles—would
likely have a decades-long service life, it was to have the
capability of not only reaching low-Earth orbit, but also ex-
tending to the Moon and beyond. The lunar objective would
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be to do more than replicate what Apollo had accomplished
long before. The architecture would support larger crews
and longer missions, capable of reaching any location on
the Moon and returning. The results of the vehicle-system
selection process evolved into what is now known as the
Constellation Program, consisting of Ares launch vehicles,
Orion crew capsule, the Altair lunar lander, and lunar sur-
face systems.
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Today, budget questions continue to dominate the human
spaceflight debate. In the 37 years since humans last ven-
tured beyond low-Earth orbit, and five years after announce-
ment of the Vision for Space Exploration, consensus is still
lacking about what is feasible and affordable in the future
course of U.S. human spaceflight.
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Goals and Future Destinations

for Exploration

m 3.1 GOALS FOR EXPLORATION

We explore to reach goals, not destinations. It is in the
definition of our goals that decision-making for human
spaceflight should begin. With goals established, ques-
tions about destinations, exploration strategies and trans-
portation architectures can follow in a logical order.
While there are certainly some aspects of the transporta-
tion system that are common to all exploration missions
(e.g. crew access and heavy lift to low-Earth orbit), there
is a danger of choosing destinations and architectures
first. This runs the risk of getting stuck at a destina-
tion without a clear understanding of why it was chosen,
which in turn can lead to uncertainty about when it is
time to move on.

Since 1972, the destination for U.S. human exploration
of space has been confined to low-Earth orbit. Follow-
ing the loss of Columbia, a strong national consensus
emerged that we should move beyond low-Earth orbit
once again, and explore the inner solar system. The
question arises, “What is the point of doing so?” The
answers to this question help to identify the goals of hu-
man spaceflight. While it was not specifically within
the Statement of Task of the Committee to advise on the
rationale for a human spaceflight program, the Commit-
tee felt compelled to at least review the likely goals as a
foundation for its further deliberations.

Human spaceflight produces important tangible benefits
to society. Human spaceflight is a technologically inten-
sive activity, and during its execution new technologies
are derived that have benefit to other government and
commercial users of space, and to products that touch
Americans daily. Access to and development of space
is critical to our national welfare, and a well-crafted hu-
man exploration program can help to develop competi-
tive commercial industries and important national capa-
bilities. We explore our first destinations in part to learn
how better to explore more challenging sites in the fu-

ture. Human and robotic explorations both contribute to
the expansion of scientific knowledge. Human explorers
are most effective when exploring complex destinations,
and particularly in endeavors such as field geology.

Human exploration also addresses larger goals. We live
in an increasingly multi-polar world, and human space ex-
ploration is one domain in which the United States is still
the acknowledged leader. Human exploration provides an
opportunity to demonstrate space leadership while deeply
engaging international partners. Chapter 8 will discuss the
potential of partnerships in exploration.

Human exploration of space can engage the public in new
ways, inspiring the next generation of scientists and engi-
neers, and contributing to the development of the future
workforce in science, technology, engineering and math-
ematics (STEM). By viewing other planets as well as our
own from deep space, exploration helps to shape human per-
ceptions of our place in the universe.

There was a strong consensus within the Committee that
human exploration also should advance us as a civilization
towards our ultimate goal: charting a path for human expan-
sion into the solar system. It is too early to know how and
when humans will first learn to live on another planet, but
we should be guided by that long-term goal.

In developing alternatives for human spaceflight plans, the
Committee was guided by these tangible, less-tangible and
long-term goals. In Chapter 6, the Committee returns to
these goals as the basis for developing evaluation measures
against which the options will be evaluated.

m 3.2 OVERVIEW OF DESTINATIONS AND
APPROACH

The Moon has been the nation’s principal focus of human
space exploration beyond low-Earth orbit since President
Kennedy set it as a national goal in 1961. But there are
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Mars and its moons

L

Lagrange Polnts —
Important polnts In space at
tha sdge of Earth’s Influence

900 days for a round trip using the most
likely approach. Among practical criteria
to apply in selecting destinations are ques-
tions such as: How difficult is the destina-
tion to reach? How long will it take? How
dangerous will the mission be? How ex-
pensive and sustainable will it be?

The key framing question for this chapter is:
What is the most practicable strategy for ex-
ploration beyond low-Earth orbit? Options
include:

e Mars First, with a Mars landing after
a brief test flight program of equipment
and procedures on the Moon.

* Moon First, with surface exploration
focused on developing capability for
Mars.

Figure 3.2-1. Potential destinations for the U.S. human spaceflight program. Source: Review of U.S. ¢ Flexible Path to Mars via the inner solar
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system objects and locations, with no

many places humans could explore in the inner solar system,
each with benefit to the public, as well as opportunities for
scientific discoveries, technology development and steady
progress in human exploration capabilities. Among these
destinations are our own Moon, as well as Mars and its
moons. (See Figure 3.2-1.) Other potential destinations
include the near-Earth objects, asteroids and spent com-
ets that pass near the Earth. There are also important lo-
cations in free space that are of interest, including the
Earth’s Lagrange points. These are sites at the edge of the
Earth’s influence, which will be important future points
for observation toward the Earth and away from it. For
example, the James Webb Space Telescope, the succes-
sor to the Hubble Space Telescope, will be placed at a
Lagrange point. The Lagrange points might also be the
nodes of a future space transportation highway through
the inner solar system.

There is a progression in time and dif-

immediate plan for surface exploration,
then followed by exploration of the lu-
nar and/or Martian surface.

In assessing these choices, the Committee examined a num-
ber of scenarios, performing new analyse and reviewing
existing studies from the Constellation Program and other
NASA architecture studies dating back to Apollo. The Com-
mittee listened carefully to alternate views presented by a
number of other organizations, including the Mars Society
and the Planetary Society.

With the help of a NASA team, the Committee examined the
technical, programmatic and goal-fulfillment aspects of the
destinations in two major cycles. The first cycle considered
six destination/pathway scenarios, including three variants
of lunar exploration, two variants of Mars exploration, and
the “Flexible Path.” (One scenario was the baseline Con-

ficulty in reaching these destinations. Diameter | Average MiniMax Day Yoar Equatorial | % Oxygen in
Lunar orbit, the Lagrange points, enll o) Dishancs S {days) HicEea L | Sebmosid s
near-Earth objects, and a Mars fly-by fmr:m'i'::,:“" T"'[":;Tm o

are the easiest in terms of energy re- |

quired. It actually requires less ener- TE26 | 92855621 | -129M36 24 hours | 365.25 | 100%ocf 21%
gy to fly by Mars than to land on and o

return from the surface of the Moon.

Next in terms of energy requirements

is the lunar surface, followed by Mars

orbit. The surface of Mars requires 4720 | 141633260 -z07i0 24 fiours, | 666.90 36% of 0.13%
the most energy to reach. An analysis i eath

of the duration to reach these destina-

tions yields a slightly different order.

The Moon is days away, the Lagrange

points weeks, the near-Earth objects

months, a Mars fly-by a year, and a Figure 3.3.1-1. Comparison of major features of the Earth and Mars. Source: Review of U.S. Human

Mars landing is the longest—about

Spaceflight Plans Committee
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Figure 3.3.1-2. Mars — A possible first destination for exploration.
Source: NASA Hubble Space Telescope

stellation Program approach.) For each of these six variants,
benefits and timelines were developed, along with the neces-
sary hardware elements and approximate costs. A second
cycle included more detailed analysis, such as coupling to
launch vehicles and upper stages, and more detailed benefit
and cost analysis. In the end, the six initial scenarios col-
lapsed into the three destination options described below.

Later, Chapter 6 provides a more complete description of
each scenario, combining in each case the choice of destina-
tion with the choice of launch system to low-Earth orbit.

m 3.3 MARS FIRST

3.3.1 Overview. A human landing
that leads to an extended human presence
on the Martian surface stands prominently
above all other opportunities for human
space exploration. Mars is somewhat
smaller than Earth, has about three-eights
its surface gravity, a thin atmosphere con-
sisting mostly of carbon dioxide, and wa-
ter. (See Figure 3.3.1-1.) It therefore pos-
sesses potential resources that can be used
for life support and propellent. If humans
are ever to live for long durations on an- e
other planetary surface and move toward i
]
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permanent expansion of human civiliza-
tion beyond the Earth, it is likely to be on
Mars (Figure 3.3.1-2.) Mars is unques-
tionably the most scientifically interest-
ing destination in the inner solar system.
Mars has a planetary history similar to that
of the Earth. It had a period of volcanic
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activity. At one time, water ran freely on its surface. Its
atmosphere evolved over time, much as ours did. And there
is the distinct potential that life could have begun to evolve
on Mars. Learning about Mars would teach us a great deal
about the Earth. Furthermore, the scientific community that
studies Mars generally agrees that its exploration could be
significantly enhanced by direct participation of astronaut
explorers. The Committee finds that Mars is the ultimate
destination for human exploration of the inner solar system.

3.3.2  Scenario Descriptions. Two scenarios have been
developed to examine the human exploration of Mars. In the
first, the surface of Mars would be the initial and only desti-
nation, and all resources would be focused on reaching it as
soon as possible. In the second, systems would be designed
for Mars missions, but would be first verified on several test
flights to the Moon. The latter would require some hardware
modification, but would test the systems at a planetary body
near the Earth before committing to a multi-year mission to
Mars. In the end, the Committee decided to use the variant
with a brief test flight program of equipment and procedures
on the Moon as the reference Mars First option.

The Mars First scenario represents a comprehensive hu-
man exploration strategy, and requires a focused technology
development program as well as an integrated test plan to
reduce risk while gaining confidence and experience with
the Mars exploration systems. Exploration of Mars would
be performed in extended stays on the surface, with each
mission going to a different landing site on Mars. Human
exploration would be complemented by robotic exploration
of Mars. Synergies would be exploited, but would not fun-
damentally drive the program.

This scenario was analyzed based on the existing 2007 NASA
Human Exploration of Mars Design Reference Architecture
50 (NASA-SP-2009-566 and NASA-SP-2009-566-ADD).
This architecture is shown in Figure 3.3.2-1. It assumed the
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Figure 3.3.2-1. Architecture of the Mars First strategy, indicating the three missions launched toward
Mars necessary to support the landing of a crew of six astronauts. Source: NASA
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Lt than 2 yesrs 82 Moon

tion habitat at the ISS, expanding to unpiloted
missions to near-Earth objects to demonstrate
the performance of heavy lift and in-space trans-
portation systems. At the same time, sub-scale
robotic missions at Mars would demonstrate key
Mars exploration technologies needed to land
large payloads at a precise location. The lunar
dress rehearsal would take place as the Mars
hardware is completed and prepared for integrat-
ed systems testing. The transportation system,
cargo and crew would be launched toward the
Moon over a 10-month period. Once the crew
and cargo are in place on the surface, operations
will take place over a two-year period, with crew
rotation occurring every six months. While go-
ing to the Moon would primarily be for the pur-
pose of testing Mars systems, astronauts would

Figure 3.3.2-2. Architecture of the Mars First system being tested on the Moon. Source: NASA

explore the lunar surface as well. When all sys-
tems have been tested, cargo-only and then pilot-
ed missions to Mars would occur on successive
opportunities, about 27 months apart.

use of eight or more Ares V launchers plus an Ares I crew
launch for each Mars opportunity. Both nuclear thermal rock-
ets and chemical (LOX/LH2) in-space propulsion systems
were examined. Under this scenario, 26 months before the
launch of the crew, a mission is launched carrying the ascent
vehicle to the Martian surface, and a second mission injects
a crew descent and habitation vehicle into Mars orbit. The
crew then makes a faster trip, and reaches rendezvous in Mars
orbit with the descent vehicle, lands on the surface of Mars,
spends 540 days on the surface, and then returns to Mars orbit
in the ascent vehicle. There the crew rendezvouses with the
crew vehicle and returns home to Earth. On both the trip to
and from Mars, the crew is exposed for 180 to 200 days to the
weightlessness and full solar and galactic cosmic radiation of
free space (i.e., away from any planet). The total round trip to
Mars and back lasts about 900 days.

The Moon would be used as a site for inte-
grated testing of the Mars systems. The sys-
tems landed on the Moon—landers, habitat,

rovers and other surface systems—would be i
those designed for the Mars missions, or as
similar as possible while suitable for the lu- -

nar surface, as shown in Figure 3.3.2-2. Not |
all systems necessary for Mars can be tested
on the Moon (e.g., entry systems and in-situ
atmospheric resource utilization). However,
most of the Mars systems can be tested on
the Moon, making the Moon not only a con-
ceptual testbed, but also an actual testbed for

Mars systems. T

Vg

3.3.3 Milestones, Destinations and
Capabilities. A notional development
plan and flight road map for the Mars First
scenario is presented in Figure 3.3.3-1. The

Demonstration Demonstration

3.34 Assessment. While Mars is the

ultimate destination for the near-term human
exploration of space, it is not an easy place to visit with exist-
ing technology and experience. No human has ever traveled
more than three days from Earth, and none beyond 386 miles
away for almost 40 years. No American has been in space
much more than 180 days at a time, or exposed to the full radi-
ation of free space for more than about a week. Mars requires
a trip in space of almost 900 days. We do not have flight-dem-
onstrated technology to confidently approach and land large
spacecraft on the Mars surface. Mars is distant enough from
the Sun that it is a weak energy source, and space-based sur-
face nuclear power is probably needed. Under current plans,
as many as 12 Ares V vehicles would be needed to launch
each biannual set of missions. It seems likely that some form
of advanced propulsion may also be needed to make travel
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strategy shows the progressive expansion
and extension of human capabilities, starting
with a demonstration of an extended-dura-
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Figure 3.3.3-1.Timeline of milestones, destinations and capabilities of the Mars First strategy.
Source: NASA
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Figure 3.4.1-1. The Earth’s Moon-- the initial destination of the Moon First
Strategy. Source: NASA

feasible. A focused technology program almost a decade long
would be required before system design could begin.

The preliminary estimates of the cost of Mars missions are far
higher than for other scenarios, all in an era when budgets are be-
coming highly constrained. If astronauts were to travel to Mars
under these circumstances, it would require most of the human
spaceflight budget for nearly two decades or more, and produce
few intermediate results. When we finally reached Mars, we
might be hard pressed to maintain the financial resources needed
for repeated missions after the first landings,
recreating the pattern of Apollo. For these

Mars as the First Destination (“Mars First”):
Mars is not a viable first destination beyond low-Earth or-
bit at this time. With existing technology and even a sub-
stantially increased budget, the attainment of even sym-
bolic missions would demand decades of investment and
carry considerable safety risk to humans. It is important
to develop better technology and gain more experience in
both free space and surface exploration prior to commit-
ting to a specific plan for human exploration of the surface
of Mars.

m 3.4 MOON FIRST

3.4.1 Overview. If Mars is not the first destination be-
yond low-Earth orbit, the Moon is an obvious alternative.
(See Figure 3.4.1-1.) Going there would enable the develop-
ment of the operational skills and technology for landing on,
launching from and working on a planetary surface, as well
as providing a basis for understanding human adaptation to
another planet that would one day allow us to go to Mars.
Systems would be designed for the Moon, but would be as ex-
tensible as practicable for use on Mars. At a minimum, they
would demonstrate technologies and operational concepts
that would be incorporated into eventual Mars systems.

There are potential resources on the Moon that one day could
be launched from the Moon to fuel depots at the Earth-Moon
Lagrange points, which could then be used by exploration
missions beyond the Earth-Moon system. The scientific
exploration of the Moon is not, in and of itself, a rationale
for human exploration, but our scientific knowledge of the
Moon is incomplete. Our previous missions to the Moon,
both human and robotic, encompassed a geographically lim-
ited number of sites for a limited time, with little surface
range. Much remains to be learned.

reasons, the Committee found that Mars is
the ultimate destination for human explora-
tion of the inner solar system, but is not a
viable first destination beyond low-Earth
orbit.

FINDINGS ON
MISSIONS TO MARS

HUMAN

Mars as the Ultimate Destina-
tion: Mars is the ultimate destination
for human exploration of the inner so-
lar system. It is the planet most similar
to Earth, and the one on which perma-
nent extension of human civilization,
aided by significant in-situ resources,
is most feasible. Its planetary history
is close enough to that of the Earth to
be of enormous scientific value, and
the exploration of Mars could be sig-
nificantly enhanced by direct participa-
tion of human explorers.

NASA

Figure 3.4.2-1. The architecture of the Moon First scenario, using Ares | and Ares V launchers. Source:
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3.4.2 Scenario Description. Inexploring the Moon,
there are two main strategies. Both begin with a handful of
approximately week-long sorties to various sites to scout,
explore regions of different geography, and validate the
lunar landing and ascent systems. The Lunar Base strat-
egy would begin with the building of a base, probably at
the lunar south pole, where the Sun is visible much of the
time (as it is at the Earth’s south pole in the austral summer).
Over many missions, a small colony of habitats would be
assembled, much like the base at the South Pole of the Earth,
and explorers would begin to live there for up to 180 days.
Larger rovers would begin to explore hundreds of miles
from the base. Activities would include science exploration
and prospecting for resources of hydrogen-rich deposits that
could be used as fuel.

Exploring with a few short-duration sorties of just hun-
dreds of miles from the base would actually only allow
exploration of a very small fraction of the surface of the
Moon in any depth. The alternate strategy for the Moon
is to continue a series of increasingly longer sorties to dif-
ferent sites, spending weeks and then months at each one.
The primary feature of this Lunar Global exploration strat-
egy is that surface operations are flexible and adaptable,
so that as discoveries on the lunar surface are made, future
missions can be planned that adjust stay times (from 14 to
180 days) and mobility range capabilities in response to
those discoveries. There is even the potential that mobile
elements could be relocated from one site to another be-
tween human visits.

The lunar exploration options were informed by the Con-
stellation Program plans. These plans trace to the 2005
Exploration Systems Architecture Study (ESAS) that was
established to define an architecture that would comply
with guidance from the 2004 Vision for
Space Exploration and the 2003 Co-
lumbia Accident Investigation Board

Lurar
(CAIB) report. Since ESAS, the human  guytee pays bwys
spaceflight program continued technical
trades, culminating in the 2008 Lunar Himan Initisd
Capabilities Concept Review, an archi- il Y
tecture-level review that brought togeth- Mobllity

er the performance, cost, risk and sched-
ule of the transportation architecture and
verified that representative lunar surface
mission goals could be accomplished.

The Constellation Program’s “1.5
launch” Earth Orbit Rendezvous-Lunar
Orbit Rendezvous transportation archi-
tecture is shown in Figure 3.4.2-1. The
flight elements are launched on two
separate vehicles: the Ares I for launch
of the Orion spacecraft and crew to low-
Earth orbit, and the larger Ares V for
launch of the Altair lunar lander and
the Earth Departure Stage (EDS). The
Orion docks with the Altair/EDS in low-
Earth orbit, and the EDS performs the

trans-lunar injection burn to send the crew to the Moon.
After a four-day coast to the Moon, the Altair descent mod-
ule engine performs the lunar orbit insertion maneuver, the
crew transfers to the Altair, and lands on the surface of the
Moon. Following the surface stay, the Altair transports the
crew back into orbit for rendezvous with the Orion, which
returns to Earth.

The Committee developed the following transportation op-
tions to support the lunar scenarios:

¢ Constellation “1.5 launch” architecture — one Ares I
with Orion, plus one Ares V with the Altair lander.
This combination is Integrated Option 3 in Chapter 6.

e Ares V Lite “dual” architecture — two Ares V Lites,
one with the Orion, and one with the Altair lander. This
combination is Integrated Option 4A in Chapter 6.

* A more directly Shuttle-derived launcher, which
requires three launches for a crew mission plus
one commercial launch of crew to low-Earth or-
bit. This combination is Integrated Option 4B in
Chapter 6.

3.4.3 Milestones, Destinations and Capabilities.
The milestones and destinations of the Lunar Base and
Lunar Global alternatives differ slightly. Both begin with
a set of sorties to various locations on the lunar surface
that enable up to four crew members to explore a single
site anywhere on the Moon for up to seven days. This
type of mission is accomplished independently of pre-
positioned lunar surface infrastructure such as habitats
or power systems. The lunar sorties allow for explora-
tion of high-interest science sites, scouting of future lunar
outpost locations, or other technology development ob-
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Figure 3.4.3-1. Timeline of milestones, destinations and capabilities of the Lunar Base variant of the
Moon First strategy. Source: NASA
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science. It is worth noting, however,
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the Moon, but science is not the driv-
er of human lunar exploration.

The exploration of the Moon should
be focused to the greatest extent pos-
sible on developing the technologies
and concepts that will be important in
further exploration of Mars: surface
descent, landing and ascent; habita-
tion and surface exploration; and re-
source utilization. The Committee
explored two strategies for exploring
the Moon. The Lunar Base and Lunar
Global strategies each have strengths
and weaknesses. The Lunar Base al-
lows more efficient utilization of the

jectives. The Lunar Sortie mission may include surface
mobility assets and science packages, which the crew can
operate on daily extra-vehicular activities (spacewalks).

The Lunar Base alternative proceeds then to the construction
of a lunar outpost. An example of such a scenario is shown
in Figure 3.4.3-1. It develops extensive surface roving ca-
pabilities, semi-permanent occupancy by a crew of four, and
resource extraction and utilization capability. In later years,
it permits the development of additional infrastructure, al-
lowing for science exploration with additional sorties and
longer-range roving, and developing operational concepts
and experience for Mars exploration.

In contrast, the Lunar Global alternative proceeds from sev-
en-day sorties to longer-duration visits to two to four sites
of particular interest, as shown in Figure 3.4.3-2. The first
long-duration site would have about a 56 day visit, spending
the lunar night on the surface for the first time, and exploring
with unpressurized rovers. Subsequent sites would be vis-
ited for longer durations, and with more capable exploration
infrastructure, they would eventually reach the same 180-
day stay as with the Lunar Base. After some number of ex-
tended sorties, lunar exploration could be ended, continued
in extended sortie mode, or transitioned to a base approach.

3.4.4 Assessment. The Moon is a viable first destina-
tion for human exploration beyond low-Earth orbit. Lunar
exploration would allow the development of the capability
to land on and explore a planetary surface, while still remain-
ing only about three days away from Earth. There are sci-
entific objectives that could be met while visiting the Moon,
including studying the evolution of the Moon and using the
surface of the Moon as a record for studying the evolution of
the solar system. The Moon could compete with other loca-
tions as a site for observatories and reduced-gravity surface

material brought to the surface, and
more accumulated crew time on the
surface, important to Mars preparation. The Lunar Global
approach visits more sites in depth, and more closely simu-
lates the exploration strategy likely to be used on Mars. The
Committee finds that the Lunar Base and the Lunar Global
exploration strategies have similar costs, and both provide
value in exploring the Moon and preparing for the explora-
tion of Mars.

If explored with either of these Moon First strategies, the
Moon would help develop some of the technologies and op-
erations concepts needed for Mars exploration, and it would
develop some of the transportation infrastructure. However,
the Moon does not serve as a perfect analog for Mars. While
some of the technology and concepts would be applicable to
Mars, most of the major system components (landers, habi-
tats, rovers, etc.), if designed and optimized for the Moon,
would have to be redesigned and re-validated for Mars. Oth-
er components of the Mars exploration system (atmospheric
entry and in-situ resource use, for example) have no analog
on the Moon. A long-duration exploration of the Moon is
a step towards Mars, but not a giant step, and not the only
possible step.

FINDING: THE MOON AS A
DESTINATION (“MOON FIRST”)

FIRST

The Moon is a viable first destination for exploration be-
yond low-Earth orbit. It initially focuses next steps on
entering and departing deep gravity wells, and develop-
ing human operations on the surface of a celestial body,
which should be developed in a manner that leads to the
eventual exploration of Mars. The Moon is nearby, al-
lowing relatively rapid return to Earth in the event of
emergencies, and communication transit times are mini-
mal. It also has interesting scientific and resource issues

Review of U.S. Human Spaceflight Plans Committee

that can be pursued through human exploration.
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Figure 3.5.1-1.There are a variety of destinations that can be targeted using the Flexible Path exploration strategy. Source: NASA

W 3.5 THE FLEXIBLE PATH TO MARS

3.5.1 Overview. In addition to Mars First and Moon
First, there is a third possibility for initial exploration be-
yond low-Earth orbit: visiting a series of locations and ob-
jects in the inner solar system, which the Committee calls
the Flexible Path. (See Figure 3.5.1-1.) The goal is to take
steps toward Mars, learning to live and work in free space
and near planets, under the conditions humans will meet on
the way to Mars. We must learn to operate in free space for
hundreds of days, beyond the protective radiation belts of
the Earth, before we can confidently commit to exploring
Mars. Human exploration along the Flexible Path would
also support science, create new industrial opportunities,
and engage the public through progressively more challeng-
ing milestone accomplishments.

On this path, sites would be visited that humans have never
reached before. Astronauts would learn to service space-
craft beyond low-Earth orbit, much as crews successfully
serviced the Hubble Space Telescope in low-Earth orbit.
Humans could visit small bodies in space, such as near-

Figure 3.5.1-2. Asteroid Ida — representative of near-Earth objects which are
possible destinations along the Flexible Path. Source: NASA Galileo Satellite
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Earth objects (asteroids and spent comets that cross the
Earth’s path, some of which could someday collide with
the Earth - Figure 3.5.1-2) and the scientifically interest-
ing moons of Mars, return samples, and understand their
structure and composition. When humans would come
close to the Moon or Mars, they could deploy probes and
coordinate with or control robotic assets on the surface.
They could even bring home samples from Mars that were
launched from the surface by robotic spacecraft. In this
way we could achieve the scientific “first” of a Mars sam-
ple return.

These destinations require the smallest energy expenditure
beyond low-Earth orbit, but are of increasing distance and
duration from Earth. The missions could include a full
dress-rehearsal for a Mars mission, consisting of traveling to
Mars orbit and returning hundreds of days later. The essen-
tial concept is that humans would first visit points in space
and rendezvous with small bodies and orbit larger ones,
without initially descending into the deep gravity wells of
Mars or the Moon.

The Flexible Path is a road toward Mars, with intermediate
destinations. At several points along the way, the off-ramp
from the Flexible Path to a Moon exploration program could
be taken. Alternatively, if new discoveries drew us to Mars,
the lunar stop could be bypassed, leading directly to a Mars
landing.

3.5.2 Scenario Description. The Flexible Path
constitutes a steadily advancing, measured, and publicly no-
table human exploration of space beyond Earth orbit that
would build our capability to explore, enable scientific and
economic return, and engage the public. The focus of the
Flexible Path is to gain ever-increasing operational experi-
ence in space, growing in duration from a few weeks to sev-
eral years in length, and moving from close proximity to the
Earth to as far away as Mars.

Humans need to build the capability to explore other plan-
ets, and to operate far from the Earth. On the Flexible Path,
critical scientific and technological components of human
spaceflight would be addressed through incrementally more
aggressive exploration missions. Determining the human
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physiological and operational impacts of (and the counter-
measures to) long-term radiation environment (including
galactic cosmic rays) and extended exposure to zero-gravity
is necessary for a sustained human-exploration capability.
The missions would build preparedness to explore by per-
forming increasingly more complex in-space operations and
by testing new elements.

The Flexible Path targets planetary scientific return focused
on multiple locations in the inner solar system. The goal fo-
cuses human exploration on producing exciting new science
at each step of the way. The emphasis would be on obtain-
ing multi-kilogram samples from a variety of solar system y
bodies through tele-robotic exploration in concert with the
human missions. In the case of the Moon and Mars, humans
would remain in orbit. They would deploy probes, teleop-
erate surface robotic vehicles, and potentially rendezvous
with sample returns from the surface. In the case of smaller
objects, humans would explore the surfaces directly and re-
turn samples. Robotic missions would play a visible and
complementary role to human exploration through precursor
missions and scientific missions that deliver instruments.

A sustained exploration program by the United States re-
quires continuous public engagement, inspiration and ben-
efit. The Flexible Path missions are designed in part to
cultivate and maintain public support and interest in human

spaceflight by taking on useful, demonstrably new, high-pro-
file missions. They start with unprecedented space missions
offering dramatic perspectives of humankind’s home planet
as a member of the inner solar system, including near-Earth
objects, the Moon and Mars.

A set of missions along the Flexible Path might include early
visits to lunar orbit, stops at the Earth’s Lagrange points,
near-Earth objects and visits in the vicinity of Mars. A more
detailed sequence might include:

* Orbiting the Moon to learn how to operate robots on a
planet from orbit (days in duration).

* Visiting the Earth-Moon and Earth-Sun Lagrange points
(special points at the edge of Earth’s influence), which
are likely sites for science spacecraft servicing and
potentially important for interplanetary travel. Earth-
Moon Lagrange points are about 85 percent of the way
to the Moon from the Earth. Earth-Sun Lagrange points
are about four times as far from the Earth as the Moon
(weeks to months in mission duration).

Visiting several near-Earth objects (asteroids or burned-out
comets whose path cross the Earth), to return samples and
practice operation near a small body and potentially practice
in-situ resource extraction (months in mission duration).

Public Human Exploration
Destination | Engagement Science Research Preparation
Lunar Flyby/Orbit  Return to Moon, "any Demo of human robotic 10 days beyond Beyond LEQ shakedown
time we want" operation radiation belts
Earth Moon L1 “On-ramp to the inter- Ability to service Earth Sun 21 days beyond the Operations at potential fuel
planetary highway" L2 spacecraft at Earth Moon  belts depot
L1
Earth Sun First human in “deep Ability to service Earth Sun 32 days beyond the Potential servicing, test airlock
L2 space” or "Earth escape” L2 spacecraft at Earth Sun belts
L2
Earth Sun First human “in the solar Potential for Earth/Sun 90 days beyond the Potential servicing, test in-
L1 wind” science belts space habitation
NEO's “Helping protect the Geophysics, Astrobiclogy, 150-220 day, similar Encounters with small bodies,
planet” Sample return to Mars transit sample handling, resource
utilization
Mars Flyby First human “to Mars" Human robotic operations, 440 days, similar to Robotic operations, test of
sample return? Mars out and return planetary cycler concepts
Mars Qrbit Humans “working at Mars  Mars surface sample return 780 days, full trip to Joint robotic/human exploration
and touching bits of Mars” Mars and surface operations, sample
testing,
Mars Moons Humans “landing on Mars moons’ sample return 780 days, full Joint robotic/fhuman surface
another moon” rehearsal Mars and small body exploration
exploration

Figure 3.5.2-1. Benefits of various destinations along the Flexible Path. Source: Review of U.S. Human Spaceflight Plans Committee
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¢ A fly-by of Mars, demonstrating distant operation and
coordination with robotic probes on the planetary surface
and during rendezvous (years in mission duration).

* AtriptoMarsorbit,rendezvousing withandreturning sam-
ples from Mars’s moons (Deimos and Phobos), and po-
tentially from Mars’s surface (years in mission duration).

A more detailed explanation of the activities at each destina-
tion is shown in Figure 3.5.2-1.

Key assumptions for the Flexible Path scenarios include the
notion that viable and relevant exploration missions can be
completed with a single crew launch and a single in-space pro-
pulsion stage. As additional deep-space capabilities, such as
in-space habitats, air locks and propulsion stages, become oper-
ational, the scope of the missions increases. Flexible Path mis-
sions assume the development of certain enabling technologies.
First among these is a cryogenic in-space propulsion stage able
to have a near-zero boil-off of propellant over almost 200 days,
equipped with a high performance in-space re-startable engine.
Additional enabling technologies are in-space cryogenic fluid
transfer, improved regenerative life-support systems, technolo-
gies for deep space crew-system operational autonomy, and
tele-robotic systems to be operated by the crew in deep space.

The Flexible Path branch that proceeds to the lunar surface in-
volves a lander smaller than the Altair lander. For the costed
option, it is assumed that NASA would provide the ascent
stage, but a commercially acquired descent stage is envisioned
that could be developed based on the same in-space re-startable
engine discussed above. Several complementary robotic mis-
sions are coupled and require some technical development—
in particular, the Mars Sample Return mission would use the
heavy lift in-space propulsion stage to send multiple sampler
missions in a precursor Mars En-

try Descent and Landing (EDL)

aeroshell to validate technologies for

eventual human landings on Mars.

For the missions assessed in this
analysis, an Orion capsule was as-
sumed to be capable of carrying up
to four crew members and operating
in space for over a year. However for et

Lumnar Earth-Moon,
Earifi-Sun

missions longer than about a month, . Byster
an additional in-space habitat sus- @ &
k =)

tains the crew. All of the Earth entry,

descent, and landings were to fall

within the nominal design require-

ments for the Orion. The three trans-

portation architectures (see Chapter

5) considered for Flexible Path mis- Costed Option
sions are: -

e Ares V Lite — an Ares V Lite
launches with crew aboard the

¢ An EELV-heritage super-heavy launcher, which requires
two launches for earlier missions, and three launches
for later missions. A commercial service transports the
crew to orbit, where they transfer to the Orion. This
combination is Option 5B in Chapter 6.

e A Shuttle-derived launcher, which also requires two
launches for earlier missions, three launches for later
missions, and commercial transport of the crew to low-
Earth orbit. This combination is Option 5C in Chapter
6.

3.5.3 Milestones, Destinations and Capabili-
ties. The milestones and capabilities for the Flexible Path
are best visualized in Figure 3.5.3-1, which shows the flex-
ibility in the strategy. While the Flexible Path missions can
be conducted in almost any sequence, many of the missions
build upon the experience gained from prior ones. All as-
sume a first flight to lunar orbit, and then to the Lagrange
points, and then to near-Earth objects. The various alterna-
tives are then more apparent. The subsequent flow would
be to continue into the exploration of Mars, first as a fly-by,
then to Mars orbit, and finally a Mars landing. Off-ramps to
the Moon could occur at several spots. Mars is the ultimate
destination.

A possible sequence that places missions in an order that
successively expands capabilities and reduces risk is shown
in Figure 3.5.3-2. This sequence follows the path to near-
Earth objects, and then performs a Mars fly-by. The main
path takes the off-ramp to lunar exploration. This alterna-
tive with the lunar off-ramp appears in Chapter 6 among the
costed options. Another alternative continues Mars explora-
tion with a mission to Mars’s moons. At this point the next
obvious step is to develop the systems and technologies to
land humans on Mars.
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Orion capsule. This combina-  Figure 3.5.3-1. Options for exploration within Flexible Path strategy showing the main path toward Mars with
tion is Option 5A in Chapter 6. alternatives to the Moon. Source: Review of U.S. Human Spaceflight Plans Committee
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Figure 3.5.3-2. Timeline of milestones, destinations and capabilities of the Flexible Path strategy. Source: NASA
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3.5.4 Assessment. The Flexible Path is a viable
strategy for the first human exploration of space be-
yond low-Earth orbit. Humans could learn how to live
and work in space, gaining confidence and experience
traveling progressively farther from the Earth on lon-
ger voyages. This would prepare for future exploration
of Mars by allowing us to understand the long-term
physical and emotional stress of human travel far from
the Earth. It would also validate in-space propulsion
and habitat concepts that would be used in going to
Mars.

The missions would go to places humans have never
been to, escaping from the Earth/Moon system, visit-
ing near-Earth objects, flying by Mars, thereby con-
tinuously engaging public interest. Explorers would
initially avoid traveling to the bottom of the relative-
ly deep gravity wells of the surface of the Moon and
Mars, but would learn to work with robotic probes on
the planetary surface. This would allow us to develop
new capabilities and technologies for exploring space,
but ones that have Earth-focused applications as well.
It would also allow us to defer the costs of more ex-
pensive landing and surface systems. From the per-
spective of science, it would demonstrate the ability to
service observatories in space beyond low-Earth orbit,
as well as return samples from near-Earth objects and
(potentially) from Mars.

This flexibility would enable us to choose different
destinations, or to proceed with the exploration of the
surface of the Moon or Mars. This allows us to react to
discoveries that robots or explorers make (such as indi-
cations of life on Mars) or eventualities that are thrust
upon us (such as a threat from a near-Earth object). It

Review of U.S. Human Spaceflight Plans Committee

Mars, in coordination with sci-
ence programs.

FINDING: DESTINATIONS ONTHE FLEXIBLE
PATH TO MARS

The destinations on the Flexible Path (lunar orbit, Lagrange
points, near-Earth objects, Mars fly-bys, Mars orbits, and
Mars moons, with potential operation of robotic missions
on the lunar and Martian surfaces) comprise a viable and
interesting first set of destinations for exploration beyond
low-Earth orbit. They are progressively more distant, fo-
cusing our next steps on allowing the development and
understanding of human operations in free space for the
increasingly longer durations necessary to explore Mars.
Important scientific, space operational, and Earth-protec-
tion benefits would be obtained on this path.

m 3.6 SUMMARY OF STRATEGIES FOR
EXPLORATION BEYOND LOW-EARTH
ORBIT

This chapter addresses the question: What is the most practi-
cable strategy for exploration beyond low-Earth orbit: Mars
First, Moon First, or the Flexible Path to Mars?

The Committee found that, although Mars is the ultimate
destination for human exploration in the inner solar system,
it is not a viable first destination. We do not now have the
technology or experience to explore Mars safely and sus-
tainably.

Both the Moon First and Flexible Path are viable strate-
gies. Exploring the Moon would prepare us for explora-
tion of Mars by allowing us to learn to live and work on a
remote surface, yet one that is only three days from Earth.
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The Flexible Path would prepare us for exploration of Mars
by developing confidence that we can live and work in free
space, and allowing us to learn to explore planets and bod-
ies in a new way, potentially in coordination with robotic
probes.

The Moon First and Flexible Path destinations are not mutu-
ally exclusive; before traveling to Mars, we will probably
both extend our presence in free space and work on the lunar
surface. For example, if we had had explorers on the Moon
for a decade, but never more than three days from Earth,
would we easily commit to a mission that took our astro-
nauts away for three years? This seems unlikely. Likewise,
if we had worked in space for a decade, would we commit
to landing on a planet 180 days away without practice? This
seems equally unlikely.

Before we explore Mars, we will likely do some of both
the Flexible Path and lunar exploration—the primary de-
cision is one of sequence. This will be largely guided by
budgetary, programmatic, and program sustainability con-
siderations. These will be discussed in Chaper 6. Whatever
destination(s) are selected, it would be desirable to have a
spectrum of program choices that offers periodic milestone
accomplishments visible to and appreciated by the public.

Before leaving the topic of strategies for exploration, it is
important to reflect back on the goals for human spaceflight.
The strategies have certainly focused on preparing for a ven-
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ture to Mars, and therefore the potential expansion of hu-
man civilization into the solar system. Many opportunities
could be identified in either pathway for deep involvement
of international partners, as will be suggested in Chapter 8.
Science returns, technology and economic development, and
exploration preparation will follow from either strategy.

The primary question is: Will the public be engaged? Gone
is the era when Americans remembered the names of astro-
nauts, or even the date of the next space launch. We can-
not take for granted that space excites young people; rather,
we must make sure that we build a program that will excite
them. In its plan for exploration, NASA must find new ways
to engage the public, particularly young people, in a ven-
ture of participatory exploration, one that will be exciting
to them. This should not be an afterthought—it must be an
integral part of the program.

FINDING: PATHWAYS TO MARS

Mars is the ultimate destination for human exploration
of the inner solar system; but it is not the best first desti-
nation. Both visiting the Moon First and following the
Flexible Path are viable exploration strategies. The two
are not necessarily mutually exclusive; before traveling
to Mars, we might be well served to both extend our
presence in free space and gain experience working on
the lunar surface.




SEEKING A HUMAN SPACEFLIGHT PROGRAM WORTHY OF A GREAT NATION

Review of U.S. Human Spaceflight Plans Committee

45



46

SEEKING A HUMAN SPACEFLIGHT PROGRAM WORTHY OF A GREAT NATION

Review of U.S. Human Spaceflight Plans Committee




CHAPTER 4.0

The current U.S. human spaceflight programs are the op-
erational Space Shuttle Program and the U.S. portion of
the International Space Station (ISS). The next human
spaceflight effort, the Constellation Program, is in devel-
opment.

m 4.1 THE SPACE SHUTTLE

The Committee has addressed five questions that, if an-
swered, would form the basis of a plan for U.S. human
spaceflight. First among those questions is: what should
be the future of the Space Shuttle?

The current plan is to retire the Shuttle at the end of FY
2010. Six flights are remaining on the manifest, with the
final flight scheduled for September 2010. Once the Shut-
tle is retired, there will be a gap in America’s capability
to independently launch people into space. That gap will
extend until the next U.S. human-rated launch system be-
comes available.

In analyzing the future of the Shuttle, the Committee con-
sidered whether the current flight schedule is realistic. It
also weighed the risks and possible benefits of various
Shuttle extension options. This section provides a brief
background on the Space Shuttle, a discussion of important
issues, and a description of the scenarios considered for
inclusion in the integrated options presented in this report.

4.1.1  Background.

The Space Shuttle, introduced in 1981, is fundamentally
different from all previous U.S. launch systems. (See Fig-
ure 4.1.1-1.) It lifts astronauts to orbit in a spaceplane, not
a capsule, and it lands on a runway, not with a splash in the
ocean. The spaceplane has a cargo bay to carry satellites
and experiments with it into space and back to Earth, and it
can be flown again and again.

The Shuttle has been the workhorse of the U.S. human
spaceflight program since its first launch. In its 28 years

of operations, it has flown 128 times, 126 of those success-
fully. Two tragic accidents mar its record. Space Shuttle
missions have evolved considerably in focus, capability
and complexity over that period. They have progressed
from early flight tests to operations, which included sat-
ellite deployments, tests of a robotic arm, and early sci-
entific experiments. Immediately after the Space Shuttle
Challenger accident in 1986, the launch of satellites shift-
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Figure 4.1.1-1. The principal components of the Space Shuttle.
Source: NASA
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ed from the Shuttle to expendable launch vehicles, and
Shuttle missions evolved into more sophisticated science
and operational missions, including Spacelab flights, re-
pair and servicing of the Hubble Space Telescope, and the
Shuttle Radar Topography Mission.

In the late 1990s, the focus of Shuttle missions transitioned
to the assembly, logistics support, and maintenance of the
International Space Station. The Space Shuttle Columbia
accident in early 2003 interrupted that work, grounding the
Shuttle for nearly two and a half years while NASA addressed
the technical, procedural and organizational problems iden-
tified during the accident investigation. When the Shuttle
returned to flight, its missions concentrated almost entirely
on completing assembly of the Space Station. The Presi-
dent’s 2004 Vision for Space Exploration directed NASA to:
“Focus use of the Space Shuttle to complete assembly of the
International Space Station; and retire the Space Shuttle as
soon as assembly of the International Space Station is com-
pleted, planned for the end of this decade.”

Subsequently, several Shuttle flights planned to support the
International Space Station assembly and utilization were
cancelled, and NASA was directed to complete the remain-
ing Shuttle flights by the end of FY 2010. At the time, the
Constellation Program’s replacement for the Shuttle was
projected to be ready in 2012, leaving a two-year “gap” in
the nation’s ability to launch humans into low-Earth orbit.

As of the end of FY 2009, the Shuttle has flown successfully
15 times since returning to flight in 2005. Missions are now
far more intricate and complex than earlier Shuttle flights,
and they illustrate significant growth in the ability to operate
in space. While early missions were routinely four to seven
days, and rarely included a spacewalk, missions today are
often two weeks long, and have included as many as five
complex and well-orchestrated spacewalks. As of Septem-

ber 2009, six flights remain in the Shuttle manifest, with the
last flight scheduled for September 2010. There is currently
modest funding in the FY 2011 budget to cover Shuttle re-
tirement costs, but none for flight operations.

4.1.2 lIssues.

In considering the future of the Space Shuttle, the Commit-
tee paid particular attention to safety, schedule, workforce,
and the program’s fixed costs.

Schedule. To assess the viability of the current Shuttle
schedule, the Committee compared the actual post-Columbia
flight rate (July 2005 through STS-128, the last flight in FY
2009) with the projected flight rate for the remainder of the
current manifest. In the post-Columbia period through the
end of FY 2009, there was an average of 100 days between
flights. In contrast, the current manifest shows an average of
only 64 days between the remaining six flights. While it is
not impossible to achieve this latter flight rate, the projected
rate is not consistent with recent or prior experience. Further,
Space Shuttle managers have indicated that there is little or
no margin in the remaining schedule. Experience suggests
that it is very likely the currently manifested flights will
extend into the second quarter of FY 2011.

The Committee also took note that the Columbia Ac-
cident Investigation Board (CAIB) cited schedule and
budget pressure as a contributing factor in the Columbia
accident. The Board observed, “Little by little, NASA
was accepting more and more risk in order to stay on
schedule.” It recommended that NASA: “Adopt and
maintain a Shuttle flight schedule that is consistent with
available resources” and added that “Although sched-
ule deadlines are an important management tool, those
deadlines must be regularly evaluated to ensure that any
additional risk incurred to meet the schedule is recog-
nized, understood, and acceptable.”

-
E

- K

B Actual Plannad

o

B s

[

o

-

o

£ e

E f

=
Fird Lwach
ATEALE

Hoan

Jdigm bl M

fhet Mow D Jan Py Slad

el Miwe Dt dan Pl Blar Jam

G 009

Figure 4.1.2-1. Space Shuttle Program contractor workforce under existing plan. Source: Briefing to the Review of U.S. Human Spaceflight Plans Committee
Note : *Includes the workforce for the four largest Space Shuttle contractors only (not NASA space employees).
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NASA and the Committee are well aware that schedule
pressure can have a subconscious influence on decision-
making, and has asked for, and received, relief from the
requirement to fly out the manifest by the end of FY
2010. The Administration has directed that NASA com-
plete the remaining manifest safely, even if that requires
extending into FY 2011. The looming problem, how-
ever, is that there is currently no funding in the FY 2011
budget to support this likely occurrence.

Workforce.  The most visible ramification of the
impending gap in U.S. human spaceflight is the lengthy
loss of ability for the U.S. to launch humans into space
independently. A less well-publicized ramification is the
potential loss of the knowledge and skill base that makes
America’s human spaceflight program possible.

The Space Shuttle is currently operated by a skilled
workforce of over 12,500 individuals whose experience
and expertise in systems engineering, systems integra-
tion, inspection, ground operations and assembly, test
and checkout, and mission planning and operations have
been developed and honed over decades. Once the Shut-
tle is retired, NASA and its contractors will be forced
to shed or reassign much of that workforce due to the
length of the gap in human spaceflight activity. Of these
12,500 workers, 1,500 are civil servants who, under cur-
rent practices, will likely retain their jobs even though
there is no program to which they can easily transition.
The jobs in the contractor structure will likely be lost.
(See Figure 4.1.2-1.) When the human spaceflight pro-
gram resumes in the second half of the next decade, a
great deal of the knowledge, experience and critical
skills necessary for successful program execution is
likely to have atrophied or have been lost altogether.
Over the past 45 years, the U.S. has enjoyed a relatively
continuous program of human spaceflight. This conti-
nuity enabled engineers, flight operations personnel and
technicians to learn skills and train successors in an ap-
prentice model, and to capture and transfer knowledge
from one program to the next. The longest previous gap
occurred between the Apollo-Soyuz mission in 1975 and
the first Shuttle flight in 1981. But even as late as 1977,
the Shuttle was projected to fly in 1979. As a result,
only a year or two after Apollo-Soyuz flew, much of
the workforce was actively engaged in ground process-
ing, systems engineering, integrated testing, flight crew
training and mission planning for Shuttle.

The Committee is concerned about the retention of
critical knowledge and skills and the availability of that
unique portion of the workforce necessary to conduct
the next set of human spaceflight missions — which, as of
now, cannot be expected until late in the next decade.

Safety. The Committee’s charter did not call for it to
review the safety record or assess the reliability of the
Shuttle. The Committee did, however, consider Shuttle
safety and reliability in its deliberations. One of the
recommendations of the Columbia Accident Investiga-
tion Board (CAIB) spoke directly to this issue: “Prior
to operating the Shuttle beyond 2010, develop and con-

duct a vehicle recertification at the material, component,
subsystem, and system levels. Recertification require-
ments should be included in the Service Life Extension
Program.”

As part of the Shuttle “Return to Flight” program after the
Columbia accident and in the years since, NASA has recer-
tified much of the Shuttle system. NASA’s Space Shuttle
program managers believe the program is meeting the intent
of the CAIB’s recommendation and would be ready to fly
the Shuttle beyond 2010, should the need arise. This Com-
mittee suggests that an independent review of the Shuttle
recertification process be undertaken if a decision is made to
add flights to the current manifest.

How reliable and how safe is the Shuttle, particularly when
compared to other existing or proposed launch vehicles?
As noted previously in this report, flying in space is inher-
ently risky, so it is not appropriate to call any launch vehicle
“safe.” Several factors contribute to a launch vehicle’s risk:
the design itself; the extent to which the limitations of that
design are understood; the processes and people involved
in preparing, launching and operating the vehicle; and “ran-
dom” component or system failures. Studies of risk associ-
ated with different launch vehicles (both human-rated and
non-human-rated) reveal that many accidents are a result of
poor processes, process lapses, human error, or design flaws.
Very few result from so-called random component failures.
The often-used Probabilistic Risk Assessment (PRA) is a
measure of a launch vehicle’s susceptibility to these compo-
nent or system failures. It provides a useful way to compare
the relative risks of mature launch vehicles (in which the
design is well understood and processes are in place); it is
not as useful a guide as to whether a new launch vehicle will
fail during operations, especially during its early flights.

The Shuttle is one of the few launch vehicles that have flown
a sufficient number of times to be considered “mature.” It has
suffered two accidents in its 128 flights, so its demonstrated
success rate is 98 4 percent. Considerable effort has also been
expended to develop a Probabilistic Risk Assessment for
the Shuttle. That PRA shows a reliability of 98.7 percent,
with the greatest contributor to risk coming from the threat
of micrometeorite or debris damage while in orbit. Other
launch vehicles in development have better PRAs, indicating
that once they reach maturity, they will carry less risk than
the Shuttle. In comparing Shuttle reliability to that of other
launch vehicles, however, the most important factor is actual
flight experience. The Shuttle completed its first 24 missions
successfully before the Challenger accident; after returning to
flight, it flew successfully 87 times before the Columbia acci-
dent, and has flown successfully 15 times since. This is not to
say that future vehicles will not be more reliable —they likely
will be—but the Shuttle has reached a level of maturity that
those launch vehicles will not reach for many years. (Those
vehicles still have their “infant mortality” phase ahead of
them. The Committee cannot resist citing one of Augustine’s
Laws: “Never fly on an airplane with a tail number less than
10!” That law encapsulates the value of flight experience.")

! Norman R. Augustine, Augustine’s Laws (Washington, D.C.: American Institute of

Aeronautics and Astronautics), 1986.
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The current program ensures that we will have no fail-
ures of U.S. government human-rated crewed launch
systems from 2011 through at least 2017 —because there
likely will be no flights of those launch vehicles during
that period. The Committee considered whether the risk
associated with extending Shuttle operations is appropri-
ate. In doing so, it considered whether it is acceptable
to complete the current manifest and, if so, whether the
risk is acceptable for some number of additional flights
(assuming the current level of attention to mission as-
surance, processes and procedures is maintained.) The
Committee believes the risk of flying out the current
Shuttle manifest is consistent with past experience if
conducted on a schedule and budget that do not impose
undue pressure and constraints. The Committee also
believes the risk of some extension beyond the current
manifest may be acceptable, assuming the certification
process discussed above is successfully completed and
the current emphasis on mission assurance is continued.

Fixed Costs. The annual Shuttle budget is approximately
$3 billion per year, depending on the number of flights.
The retirement of the Shuttle is expected to free funds for
the Constellation Program, and the common perception
is that with the Shuttle no longer flying, there will be an
additional $3 billion per year available for design, devel-
opment, testing and deployment of the new exploration
program. The situation is more complicated, however,
and the actual benefit to the Constellation Program is
considerably less than $3 billion per year. The principal
reason is that the Shuttle Program today carries much of
the costs of the facilities and infrastructure associated
with the human spaceflight program as a whole. But
those facilities will continue to exist after the Shuttle is
retired —so their costs must still be absorbed if the facili-
ties are to be preserved.

These fixed costs are significant—about $1.5 billion per
year—and include, for example, nearly 90 percent of the costs
of running: the Kennedy Space Center; the engine test fa-
cilities at the Stennis Space Center in Mississippi; a Mission
Control Center in Houston; and the Michoud Assembly Facil-
ity in Louisiana. Unless such facilities are mothballed or dis-
posed of, these costs will simply transfer to a different NASA
program; in fact, most will have to be absorbed by the Con-
stellation Program. During its fact-finding phase, the Com-
mittee discovered that approximately $400 million per year
of these fixed costs are not yet reflected in the Constellation
budget after Shuttle retirement. But the costs do have to be
allocated somewhere in the NASA budget, and will certainly
affect the overall funding available for exploration. Some of
the Shuttle funding pays for NASA civil servants who, ab-
sent major layoffs, will simply transition to other spaceflight
programs. Constellation will thus gain both human resources
and the costs associated with them; in the case of facilities,
Constellation will soon be paying for their maintenance.

In summary, the savings resulting from Shuttle retirement
are not as great as they may appear. Conversely, the mar-
ginal costs of flying the Shuttle are less than implied by
the existing bookkeeping. The next human spaceflight
program will assume most of the fixed costs; the net funds
available for Constellation design, development, test and
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evaluation (DDT&E) or facilities conversion as a result of
Shuttle retirement total about $1.6 billion per year—absent
structural changes to NASA.

4.1.3 Shuttle Options

The Committee selected three possible Shuttle scenarios to
consider for inclusion in the integrated options presented
later in this report: flying out the Shuttle manifest (at a
prudent rate); adding one flight to provide short-term sup-
port for the ISS; and closing the gap by extending Shuttle
to 2015 at a minimum flight rate.

* Scenario 1: Prudent Shuttle Fly-Out. As noted, the
current Shuttle schedule has little or no margin remain-
ing. Scenario 1 is a likely reflection of reality. It restores
margin to the schedule, at a flight rate in line with recent
experience, and allocates funds in FY 2011 to support
Shuttle operations into that fiscal year. Based on his-
torical data, the Committee believes it is likely that the
remaining six flights on the manifest will stretch into the
second quarter of 2011, and it is prudent to plan for that
occurrence and explicitly include the associated costs in
the FY 2011 budget.

e Scenario 2: Short-Term Support for the ISS. Space
Shuttle retirement will have an impact on the ISS (de-
scribed more fully in a subsequent section). Scenario 2
would add one additional Shuttle flight to provide some
additional support for the ISS and ease the transition to
commercial and international cargo flights. It could en-
hance early utilization of the ISS, offer an opportunity
for providing more spare parts, and enable scientific ex-
periments to be brought back to Earth. This additional
Shuttle flight would not replace any of the planned inter-
national or commercial resupply flights.

One obvious question is: “Why add just one flight?” Due
to the planned retirement, the Shuttle’s external tank pro-
duction line has been closed recently, and it is not cost-
effective to re-open it for a small number of new tanks.
However, there is one spare external tank remaining in in-
ventory. This scenario thus envisions using that tank and
conducting one additional Shuttle flight in late FY 2011 or
early FY 2012.

This scenario requires that funds be put in the in FY 2011
and possibly FY 2012 budget for the one additional Shut-
tle flight. This minimal extension does not mitigate the
workforce transition issues; it does extend U.S. human
spaceflight capability, but only by a few months; and it
does offer some additional short-term logistical support
to the ISS.

* Scenario 3: Extend Shuttle to 2015 at Minimum Flight
Rate. This scenario would extend the Shuttle at a mini-
mum safe flight rate (nominally two flights per year) into
FY 2015. Once the Shuttle is retired, the U.S. itself will
no longer have the ability to launch astronauts into space,
and will have to rely on the Russian Soyuz vehicle. That
gap will persist until a new vehicle becomes available
to transport crew to low-Earth orbit. Under the current
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program, the resulting gap is expected to be seven years
or more. This scenario, if combined with a new crew
launch capability that will be available by the middle of
the 2010s, significantly reduces that gap, and retains U.S.
ability to deliver astronauts to the ISS.

The impending gap also directly affects the ISS, which was
designed and built assuming that the Shuttle was available
to carry cargo and crew to it and to bring cargo and crew
back to Earth. During the gap, the U.S. will pay for U.S. and
international-partner astronauts to be carried to and from the
ISS by the Russian Soyuz. Cargo, including supplies, spares,
experiments and other hardware, will be carried to the ISS
by a complement of international and U.S. commercial car-
go vehicles. None of these can carry nearly as much as the
Shuttle, and only one is projected to be able to bring anything
back to Earth. This could limit the full utilization of the ISS.
Further, only two of these vehicles have flown—each one
only once. Delays could place ISS utilization further at risk,
particularly in the early part of the coming decade. This sce-
nario does not envision replacing any of the planned interna-
tional or commercial cargo launches with Shuttle flights, but
rather, enhancing U.S. and international partner capability to
robustly utilize the ISS. All commercial and international
cargo flights would remain as planned.

The Committee has concluded that the only way to eliminate
or significantly reduce the gap in human spaceflight launch ca-
pability is by extending the Shuttle Program. If that is an im-
portant consideration, then this scenario is one to examine. The
scenario also minimizes workforce transition problems, and it
retains the skills that currently enable the U.S. to enjoy a robust
human spaceflight program. Because this scenario extends the
Shuttle’s life well beyond 2010, if adopted it should include a
thorough review of NASA’s safety certification program by an
independent committee to ensure that NASA has met the intent
behind recommendation R9.2-1 of the Columbia Accident In-
vestigation Board.

Scenario 3 would require additional funding for Shuttle exten-
sion. Assuming that many of the current fixed costs must be car-
ried somewhere in the NASA budget, the relevant cost of this
option is the marginal cost of flying the Shuttle. There are two
factors to consider in estimating this cost. First, if the Shuttle
extension is coupled with a strategy to develop a more directly
Shuttle-derived heavy-lift vehicle, as opposed to the Ares family,
there would be synergy that takes maximum advantage of exist-
ing infrastructure, design and production capabilities. Second,
since the Shuttle would be available to carry crew to and from
the ISS, there would be some savings because the U.S. would not
need to purchase Russian Soyuz flights (the present plan).

Most of the integrated options presented in Chapter 6 would
retire the Shuttle after a prudent fly-out of the current manifest,
indicating that the Committee found the interim reliance on
international crew services acceptable. However, one option
does provide for an extension of the Shuttle at a minimum safe
flight rate to preserve U.S. capability to launch astronauts into
space. As Chapter 5 will show, the Commiittee finds that in the
long run, it is important for the U.S. to maintain independent
crew access to low-Earth orbit.

FINDINGS
SHUTTLE

REGARDING THE  SPACE

Short-term Space Shuttle planning: The remain-
ing Shuttle manifest should be flown in a safe and prudent
manner. This manifest will likely extend operations into the
second quarter of FY 2011. It is important to budget for this
likelihood.

The human spaceflight gap: Under current conditions,
the gap in U.S. ability to launch astronauts into space is most
likely to stretch to at least seven years. The Committee did
not identify any credible approach employing new capabili-
ties that could shorten the gap to less than six years. The only
way to close the gap significantly is to extend the life of the
Shuttle Program.

Shuttle extension provisions: If the Shuttle life is ex-
tended beyond 2011, an independent committee should as-
sess NASA’s Shuttle recertification to assure compliance with
the Columbia Accident Investigation Board Recommenda-
tion R9.2-1. The investment necessary to extend the Shuttle
makes the most sense in the context of adopting a Shuttle-
derived heavy-lift capability in place of the Ares family and
extending the life of the ISS.

Fixed costs: Because a substantial fraction of the costs of
the human spaceflight infrastructure is currently allocated to
the Shuttle Program, the savings resulting from Shuttle retire-
ment are not as great as they may appear. If current operating
constraints on NASA are maintained, these costs will simply
be transferred to whatever becomes the continuing explora-
tion program.

B 4.2 THE INTERNATIONAL SPACE STATION

The second question the Committee addressed to form the
basis of a plan for U.S. human spaceflight was: What should
be the future of the International Space Station?

NASA’s current plan is to decommission the International
Space Station at the end of FY 2015. The Committee be-
lieves there is no reasonable path to continue operation of
the ISS once U.S. participation ends; thus, de-orbiting the
facility in early 2016 will be required for ground safety rea-
sons.

In deliberating the ISS’s future, the Committee considered
the realism of the current plan, the advantages and disadvan-
tages of that plan, and the advantages and disadvantages of
various scenarios that would extend the life of the ISS. This
section provides a brief background on the ISS, a discus-
sion of important issues, and a description of the scenarios
considered for inclusion in the integrated options presented
later in the report.

4.2.1. Background.

President Ronald Reagan called for the construction of Space
Station Freedom (Figure 4.2.1-1) in 1984 as an expression
of America’s continuing leadership in human spaceflight.
With the end of the Cold War, however, the U.S. approach to
building the Space Station changed. Space Station Freedom
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Figure 4.2.1-1. President Reagan and Prime Minister Thatcher, with model
of Space Station Freedom, which later evolved into the International Space
Station. Source: The Ronald Reagan Presidential Foundation and Library

became the International Space Station in 1993, when
President Clinton encouraged the partnership to invite
Russia to join the international group building the Sta-
tion. (Reference Figure 4.2.2-2) The ISS is among the
more complex technological endeavors ever undertaken
(some would argue the “most”), involving five space
agencies representing 16 nations. Soon to be complet-
ed, this new outpost will include contributions from the
United States, Canada, Japan, Russia, Brazil, Belgium,
Denmark, France, Germany, Italy, the Netherlands, Nor-
way, Spain, Sweden, Switzerland and the United King-
dom. Within the U.S., the ISS effort involves more than
100,000 people in 37 states, including a presence at some
500 contractor facilities.

Reorienting the program to facilitate Russian participation
was considered a major signal of America’s willingness
to work with a former adversary. The agreement called
for the Space Shuttle and Russian Soyuz to fly crew to
the Station, and for the Shuttle and the Russian Progress
to resupply the Station. In 1998, Russia’s Zarya module
was the first to be deployed, and the ISS has been continu-
ously inhabited since 2000. As many as 13 people have
occupied the Station and the docked Shuttles at one time.
Russian launches sustained the ISS after the Columbia ac-
cident in 2003 until the Shuttle returned to flight in 2005.
Now, in 2009, after nearly 10 years of continuous human
habitation with a reduced crew, the ISS supports its full
six-person crew. Six more Shuttle missions remain until
the ISS construction is completed.

Aside from the Space Station itself, perhaps the most
valuable outcome of the ISS Program is the development
of strong and tested working relationships among the ISS
partners. The partnership resolved numerous technical
challenges, withstood changes in governments, policies
and budgets, and it survived the Columbia tragedy. The
imminent completion of the ISS demonstrates that many
nations can learn to work together toward a difficult com-
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mon goal. The effort also expresses a U.S. leadership
style adapted to the multi-polar world that emerged after
the Cold War.

ISS completion also marks a transition for the conduct of
NASA’s human spaceflight program, not only because the
ISS partners will turn from building the Station to using
it, but also because the Space Shuttle is nearing the end
of its planned operational life. How will the Station be
staffed in the gap between Shuttle decommissioning and
the availability of new U.S. launch vehicles? Has NASA
made the best arrangements for full utilization of the ISS?
For these reasons alone, it is time to reexamine how the
United States will use the ISS.

There are other considerations as well. The U.S. made
a significant sacrifice in order to complete the ISS and
fulfill its obligations to its partners: the science and engi-
neering development program that might have been con-
ducted on the station was curtailed. Perhaps the absence
of a significant community of U.S. science users made it
easier for NASA to propose discontinuing station opera-
tions in 2015. But is it wise to cease operations after only
five years of full utilization when the station has been 25
years in planning and assembly? Would extension of ISS
operations from five to at least ten years enable more new
ideas, based on today’s science and technology, to be in-
troduced through flight on the ISS? When the ISS was
first designed, there was little thought about using it to
prepare for exploration beyond low-Earth orbit. Can ISS
utilization advance exploration goals beyond low-Earth
orbit?

4.2.2 Issues.

In considering the future of the ISS, the Committee exam-
ined issues related to the U.S. human spaceflight gap, cargo
and crew resupply and the commercial launch industry, end
of ISS life, ISS safety, and international relations. Several
of the issues are intertwined, and several arise as a result of
the impending retirement of the Space Shuttle.

“The Gap.” The Space Station was conceived, designed
and built with the Shuttle in mind. Its operational strategy,
utilization capacity, and philosophy of maintenance and
spares were all developed assuming the availability of the
Shuttle.

How will U.S. crew be transported to the ISS after Shuttle
retirement? The U.S. will depend on Russian launches until
anew U.S. spacecraft and human-capable launch vehicle be-
come operational. For several years the U.S. will pay Rus-
sia to transport our astronauts to the ISS. Further, under
existing international agreements, the U.S. is responsible for
transporting astronauts from Canada, Japan, and the Euro-
pean Space Agency to the ISS, so the U.S. will presumably
also be paying Russia for their transport. This period is now
expected to extend for seven years.

How will the U S. transport cargo to and from the ISS? The
U.S. plans to stop using Russian Progress vehicles for cargo
transport in 2011, although this launch vehicle would con-
tinue to fulfill Russian needs. The program of record relies
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on a combination of international and commercial capabili-
ties currently under development. These include the Euro-
pean ATV and Japanese HTV, each of which has flown to the
ISS once, and two new commercial capsules which, along
with their rockets, Dragon and Cygnus, are still in develop-
ment. (See Figure 4.2.2-1.)

The potential issues for the Space Station include: (1) none
of these cargo carriers has nearly the cargo capacity of the
Shuttle; (2) only the Dragon is planned to have a capability
to bring cargo (e.g., experiments, failed parts, etc.) back to
Earth; (3) two of these systems have flown once success-
fully, and the other two are untested. ISS resupply will thus
depend on a mix of as-yet relatively less mature or unproven
systems after the Shuttle is retired. While the diversity of
options gives reason to believe that ISS servicing and re-
supply can be accomplished, there is little assurance that
the new vehicles and capsules will be operational on their
planned schedules.

Even today, to supply the ISS with more than the basic es-
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Figure 4.2.2-1.ISS resupply vehicle payload capacities: Shuttle, Russian
Progress, Japanese H-Il Transfer Vehicle, European Automated Transfer
Vehicle, SpaceX Corp. Dragon and Orbital Sciences Corp. Cygnus. Bars
indicate the cargo capacity in kilograms. Source: Review of U.S. Human
Spaceflight Plans Committee

Figure 4.2.2-2.The International Space Station as seen against Earth’s
horizon. Source: NASA (STS-119 Shuttle mission imagery)

sentials for a crew of six using the Shuttle is proving to
be a challenge. The Committee notes that while the post-
Space Shuttle cargo plan may sustain basic ISS operations,
it could put the ISS on a somewhat fragile footing in terms
of utilization. There is little surge capacity for unforeseen
maintenance or logistics needs, and since utilization has
been shown to be the first to suffer when funding pressures
rise, the projected capacity may prove insufficient to support
meaningful ISS utilization.

End-of-Life Considerations. How and when should the
ISS be de-orbited? What should be returned to Earth before
ISS de-orbit? Will the “down-mass” capabilities at the time
of de-orbit allow significant retrieval of valuable equipment,
experiments and facilities? How far in advance of a planned
de-orbit should consultations among the international part-
ners take place? These are a few of the issues that must be
considered before a de-orbit can be implemented.

Because of its unprecedented size and mass (about 350 mt
on orbit), de-orbiting the ISS is not a simple task. (See Fig-
ure 4.2.2-3.) There are currently no existing or planned
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Figure 4.2.2-3. The relative challenge of re-entry of the International
Space Station as compared with earlier re-entry/debris events. (Diagrams
approximately to scale). Source:The Review of the U.S. Human Spaceflight
Plans Committee
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vehicles that could de-orbit the
entire ISS in a predictable man-
ner. Thus, either a new de-orbit
module would have to be pro-
duced and launched to the ISS,
or the station would have to be
disassembled and the major
portions de-orbited individu-
ally. The Committee requested
an independent assessment of
the difficulty of this task, and
an estimation of the potential
cost. The projected costs are
$2 billion or more, depending
on the method of de-orbiting
required.

The Committee also consid-
ered the possibility that the ISS
could be operated with mini-
mum U.S. participation, rather
than be de-orbited. Preliminary
considerations suggest that it
would be nearly impossible
for the remaining internation-
al partners to operate the ISS
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because of the extreme stress Figure Figure 4.2.2-4. Major research facilities and support capabilities of International Space Station.
on their smaller budgets, and Source: Review of the U.S. Human Spaceflight Plans Committee

because U.S. export control
requirements would limit the
direct support the U.S. could
provide to foreign space agencies.

Another alternative would be to “mothball” the ISS in space
for later use. In order to assure any future utility, it appears
preferable to keep the ISS staffed at a minimum level,
similar to that adopted in the early phases of construction.
Probabilistic risk assessments find a factor of five increase
in probability of loss of the ISS with no crew on board.
The need to keep the station occupied would be substantial.
There is also a risk that an unoccupied ISS could enter the
Earth’s atmosphere in an uncontrolled manner, resulting in
liability issues and international difficulties for the U.S. In
summary, it does not appear that either mothballing the ISS
or ending U.S. participation is a viable option, and keeping
the Station occupied is very expensive.

The extension of the ISS operations brings its own technical
issues. Currently, if a significant part fails on the ISS, this
part is returned to Earth and refurbished. Once the Shut-
tle retires, that will no longer be possible; new parts will
have to be procured and lifted to the ISS. To prepare for
Shuttle retirement, NASA has begun carrying spare parts up
to the ISS —this provisioning is intended to supply the ISS
through 2015. If the ISS is extended, additional spares must
be procured and the suppliers retained. Further, there are
a few parts too large for any of the planned cargo vehicles
to lift. In addition, some components of the ISS (e.g., the
U.S. laboratory) will reach the end of their certified life in
2015 or shortly thereafter. It is clear to the Committee that
if the ISS is to be extended, planning for that should begin
immediately.
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ISS Utilization and the User Community. For the past de-
cade, efforts on the ISS have been directed toward assembly
and early operation. Budgetary pressures during construc-
tion left little money for utilization. This is still the case.
Today, less than 15 percent of NASA’s ISS budget is allo-
cated for utilization. As the facility grows, its capacity may
not be fully used. (See Figure 4.2.2-4.) Further, the current
plan funds ISS utilization at approximately the same level
through 2015. At the same time, however, the 2005 NASA
Authorization Act designated the U.S. segment of the ISS
as a National Laboratory and directed NASA to develop a
plan to “increase the utilization of the ISS by other federal
entities and the private sector...” It would be difficult if not
impossible to realize the potential envisioned in the Con-
gressional language at the current level of utilization.

How well the ISS is exploited depends to a considerable
degree on whether its management focuses on utilization.
With relatively few U.S. users, it may not have seemed
worth restructuring utilization management of a program
that was slated for termination after only five years of full
operation. In the context of ISS renewal, however, a new
management approach that facilitates the use of the ISS by
a broad range of scientific, technological, and commercial
users is warranted. The Committee believes that an orga-
nization is needed to mediate between NASA operations
managers and the broad stakeholder community. This could
facilitate access to ISS assets by a disparate user community
(with widely varying levels of sophistication about space-
flight activities), and could help organize the multiple de-
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mands of the users into more unified requirements. With-
out a mediated dialogue between operations managers and
users, it will be difficult to realize operational efficiencies.
There are numerous examples of existing organizations that
should be examined as possible models.

4.2.3 Scenarios for the Future of the ISS.

The Committee examined three scenarios for the future of
the International Space Station. The first is essentially the
program of record; that is, terminate U.S. participation in
the ISS at the end of 2015. The second, “steady as you go,”
renews U.S. participation at the current level to 2020, and
assumes that launch vehicle development will proceed at a
pace determined by whatever the remaining budget permits.
The third enhances U.S. utilization and (possibly) interna-
tional participation through at least 2020.

Scenario [: End U.S. Participation in the ISS at the End
of 2015. The current program of record terminates U.S.
participation in the ISS at the end of 2015, and it calls for
decommissioning and de-orbiting the ISS by early 2016.
This approach is reflected in NASA’s current budget pro-
jections, though with insufficient funds for de-orbiting.
NASA’s 2008 Authorization Bill, however, directed the
agency to take no steps that preclude extending ISS oper-
ations until 2020, and NASA has complied. This scenario
constitutes the current program plan. Under this scenario,
15 years of continuous human habitation in space would
end in 2015, and be replaced by intermittent sorties, first
to low-Earth orbit, and then eventually to the Moon.

The ISS is about to be completed, and its success will de-
pend on how well it is used. This scenario enables only five
years of ISS utilization at something less than full capability.

IS5 Element Operating Time (Years)
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While scientific and technological experiments already on
the drawing boards may be flown on the ISS in the next five
years, it is less likely that new ventures will have enough
time to do so. The U. S. starts at a disadvantage in this re-
gard relative to its international partners, since its life sci-
ence and microgravity science programs are stalled because
of budgetary pressures. Congress designated the ISS as a
National Laboratory in 2005 to facilitate the development of
broad capabilities in science and technology by other gov-
ernment agencies and non-government users, a promising
program that is literally just getting off the ground. It is not
likely that research will be contemplated or proposed for a
facility that may be de-orbited before full value of that re-
search can be realized.

There are also significant international consequences associ-
ated with this scenario. By terminating the ISS, the U.S.
would voluntarily relinquish its unique area of unchallenged
leadership in space. Other nations have been building satel-
lites and launch vehicles and are now constructing human-
rated launch vehicles and capsules. But no other nation can
match the 20-year U.S. lead in space engineering, construc-
tion and operations.

Just as important, by pursuing this option, the U.S. would dis-
mantle a successful multilateral framework for international col-
laboration—a framework that could be extended in the future for
other space projects. By limiting the time that the international
partners could realize the return on their investments, the U.S.
would be open to the accusation that it is an inconsiderate, if not
unreliable, partner. It is unlikely that another international collabo-
ration as broad and deep could be developed soon to replace the
current one. New potential partners would be more likely to seek
less ambitious bilateral relationships. The Committee’s informal
consultations with various foreign
partner agencies emphasized how
important the participation of their
astronauts and experiments on the
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Figure 4.2.3-1. Projected lifetime of major International Space Station elements indicating the need for
recertifying many elements if the International Space Station is extended to 2020.

Source: Review of the U.S. Human Spaceflight Plans Committee
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Finally, there is broader domestic
and international public opinion
that will not unreasonably question
whether it is sensible to terminate
L after five years of full use a project
l that took 25 years to build.

Our ISS international partners
issued a joint statement at a July
2008 Heads of Agency meeting
calling for continuation of ISS
operations beyond 2015. Rus-
sia has declared publicly that it
intends to continue operations
after 2015, independent of the
U.S., if necessary. NASA be-
lieves that this is not technically
feasible, but the comment is il-
lustrative of the international re-
action to the current ISS plan.
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The commitment to use commercial vehicles for the ISS re-
supply is one of the more innovative aspects of the current
program. The prospect of an ISS resupply market is already
stimulating risk-taking industries to develop new launch
vehicles and capsules. However, termination of ISS would
abruptly end that market in 2015 after fewer than five years
of commercial resupply operations. This may not provide
enough opportunity for the new industries to grow to matu-
rity, and in some cases would likely threaten the survival of
their efforts in this area.

The Committee estimates that the Ares I vehicle planned
to transport humans to low-Earth orbit will not be avail-
able until two years after the ISS ceases to operate under
the current plan. In this case, there would be several years
with no U.S. human spaceflight activity at all. Thus, an
achievement gap would exist in addition to the launch ca-

pability gap.

Scenario 2: Continue ISS Operations at the Present Level
to 2020. Extending ISS operations by five years amelio-
rates many of the difficulties cited above with the current
program (Scenario 1). The U.S. would have a longer time
to develop uses of the Station; that is, to rebuild its ISS sci-
ence program; to develop the ISS National Laboratory; and
to provide opportunities to new users. Renewal of the ISS
would assure the existing commercial cargo contractors
of a more secure market and might also encourage other
financial risk-takers to invest. The international partners
would have more time to achieve a return on their invest-
ments, and the U.S. and its partners would have the op-
portunity for continuing human activities in space for five
more years.

The current level of effort, however, does not allow the ISS
to achieve its full potential as a National Laboratory or as a
technology testbed. The majority of the funding is devoted
to sustaining basic operations and providing transporta-
tion (including commercial resupply and crew transport
on Soyuz). With utilization only a modest part of the ISS
budget, many equipment and experiment racks will remain
unfilled, which is the case today.

Extension beyond 2015 does bring new technical issues.
These issues include procuring and providing spares and
recertifying the components of the ISS. (See Figure 4.2.3-
1.) One hidden benefit of work on life extension may be
that it provides practical experience with issues that will
arise later in missions of exploration beyond low-Earth
orbit. As described above, planning for life extension to
2020 would have to begin immediately.

Scenario 3: Enrich the ISS Program and Extend
through 2020. Since ISS utilization accounts for a rela-
tively small portion of the planned budget, a significant en-
richment of ISS utilization could be achieved with a rela-
tively modest increase in funding. This is the basis for the
Committee’s nominal scenario, which is described below.
Like Scenario 2, without added funding this scenario would
adversely affect the Constellation Program in that it con-
sumes funds that are otherwise planned to be added to that
effort.
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A much stronger emphasis on utilization will help ame-
liorate one of the most intractable problems associated
with the International Space Station: Because NASA does
not have a compelling vision for how it will use the ISS,
many American citizens do not have a clear idea of what
it is for. Further, the absence of funds to support utiliza-
tion of the Station causes potential users to be skeptical of
its overall value. Even if the extension option is adopted,
it is not clear whether it will be successful in addressing
these concerns. Up to now, the U.S. has focused almost
exclusively on building the ISS. Budgetary pressures
during construction meant that inadequate attention was
paid to how the U.S. would use the facility after it was
completed. As one example, the funds originally to be
used for research and technology development were re-
duced. The scientific research community that had hoped
to use the ISS has largely been dispersed and will have to
be reassembled.

However, there remains the potential to enhance scientific
use of the ISS. The National Research Council Space
Studies Board has recently initiated a decadal survey of
life and microgravity science that will identify key sci-
entific issues and strategies for addressing them. This
is the first decadal survey in this area, and it will bring
the most modern scientific understanding to bear on what
questions may be answered in the decade through 2020.
An extended, enriched ISS program will enable more of
the scientific opportunities identified by the survey to be
captured.

As the nation’s newest National Laboratory, the ISS has the
potential to further strengthen relationships among NASA,
other federal entities and private sector leaders in the pur-
suit of national priorities for the advancement of science,
technology, engineering and mathematics. The ISS National
Laboratory should also open new paths for the exploration
and economic development of space. The life science re-
search community of the National Institutes of Health and
NASA’s space station research facilitators recently met for
the first time to allow researchers to explore the logistics of
flying their experiments on the ISS. Enriching the ISS pro-
gram would send a strong signal to these potential users.

There is another important use of the ISS that was not consid-
ered when the space station was begun in 1984 or redesigned
in 1992: to support exploration. The Committee believes that
the Space Station can be a valuable testbed for the life support,
environmental, and advanced propulsion technologies, among
others, that will be needed to send humans on missions farther
into space. It also has the potential to help develop operational
techniques important to exploration. Such an empbhasis has the
advantage of keeping the technology development and opera-
tional side of NASA involved in ISS utilization.

Among the most compelling considerations supporting this
scenario are the opportunities it affords for international
partnership. The negotiations to extend the ISS partnership
beyond 2016 (which, under the latter two scenarios, should
begin soon) offer the U.S. a new opportunity for geopolitical
leadership. The ISS partnership can be enriched in a variety
of ways: its goals may be enlarged, its membership may be
enlarged, or both. By adding aspects of exploration beyond




SEEKING A HUMAN SPACEFLIGHT PROGRAM WORTHY OF A GREAT NATION

low-Earth orbit to the goals of the ISS partnership, the part-
ners would engage at an early stage with the U.S. in the next
grand challenge of space exploration. The ISS agreement
itself might serve as the basis for the broader types of agree-
ment that will be appropriate to deep space exploration.

Since the ISS was redesigned in 1992, several nations have
developed important new capabilities for robotic and, more
recently, human spaceflight. Opening the ISS partnership to
new members could engage such emerging space powers with
the present international space community, thereby facilitating
the exchange of plans, the sharing of financial and intellectual
resources, and the same kind of strong working relationships
that brought the ISS into being and that sustained it. The
Committee’s informal consultations with current ISS partner
agencies revealed no fundamental reluctance to adding new
partners. However, all recommended that the integration of
potential new partners proceed after careful discussion and in
small steps that could be taken over time.

FINDINGS ON THE INTERNATIONAL SPACE
STATION (ISS)

Extending the International Space Station: The
return on investment to both the United States and our in-
ternational partners would be significantly enhanced by an
extension of ISS life. Not to extend its operation would
significantly impair U.S. ability to develop and lead future
international spaceflight partnerships.

ISS termination: If the ISS is to be de-orbited in early
2016, negotiations with international partners and opera-
tional planning must begin now; additional funds must be
added to the budget to accomplish this complex technical
task.

ISS utilization: If the life of the ISS is extended, a more
robust program of science, human research and technolo-
gy development would significantly increase the return on
investment from the Station and better prepare for human
exploration beyond low-Earth orbit. Additional funds
would need to be provided for this purpose.

Cargo to and from the ISS: When the Shuttle is re-
tired, the ISS will rely on a mix of commercial and inter-
national cargo transports for provisions, resupply, mainte-
nance and utilization. Some of these delivery systems are
as yet unproven and could experience delays. While this
would not place the ISS itself in jeopardy in the near term,
it could put its utilization at risk.

Commercial cargo carriers: NASA’s planned transi-
tion of much of the ISS cargo resupply to the commer-
cial sector is a positive development. Financial incentives
should be added to those suppliers to meet their schedule
milestones, as the ISS will be vulnerable until the relevant
vehicles have demonstrated their operational capabilities
and flight rates.

Management structure for ISS utilization: The
benefits of continued operation of the ISS will depend

heavily on the extent to which its management focuses on
utilization. One possible approach would be to establish
an independent organization that mediates between NASA
operations managers and the broad stakeholder commu-
nity of scientific, technological and commercial users.

International partnership in ISS: NASA’s interna-
tional partners value the ISS relationship and U.S. leader-
ship in that relationship. They further view it as a platform
for international cooperation in exploration.

B 4.3 THE CONSTELLATION PROGRAM

In addition to the Shuttle and the ISS, the scope of NASA
activities the Committee was directed to examine includes
all of the activities within the Exploration Systems Mission
Directorate (ESMD). These include the Constellation Pro-
gram, the name given by NASA to the flight development
program for the next phase of human space exploration.

As the Committee assessed the current status and possible
future of the Constellation Program, it reviewed the techni-
cal, budgetary and schedule challenges that the program fac-
es today. In developing Integrated Options for the nation’s
human spaceflight program, the Committee established as
the baseline what it considers to be an implementable ver-
sion of the Constellation Program. This baseline case is out-
lined in more detail in Chapter 6.

The 2004 Vision for Space Exploration established new and
ambitious goals for the nation’s human spaceflight program.
The Constellation Program is NASA’s response to that Vi-
sion. The Exploration Systems Architecture Study (ESAS)
defined the broad architecture for the program in 2005. (See
Figure 4.3-1.) The principal program elements include: the
Ares I launch vehicle, capable of launching astronauts to
low-Earth orbit; the Ares V heavy-lift cargo launch vehicle,
to send astronauts and equipment towards the Moon or other
destinations beyond low-Earth orbit; the Orion capsule, to
carry astronauts to low-Earth orbit and beyond; the Altair lu-
nar lander for descent to the surface of the Moon, and ascent
back to lunar orbit for the crew; and surface systems that
astronauts will need to explore the lunar surface.

Development of the first two of the elements needed, the
Ares I and Orion, is well underway. While development of
the Ares V has not been initiated, certain components of the
Ares I can be expected to be common with the Ares V. A de-
tailed review by the Committee of the two launch vehicles,
the Ares I and Ares V, will be presented in Chapter 5. The
Altair lander and the lunar surface systems are still in very
early phases of design, and were discussed as part of the
Moon First strategy in Chapter 3.

4.3.1 Orion.

The remaining principal element, Orion, consists of a space-
craft generally in the shape of the Apollo capsule, a service
module and a launch-abort system. Orion is designed to
operate in space for up to six months and carry six astro-
nauts, but is currently being configured for ISS support as a
four-person vehicle. An upgraded (Block 2) version is an-
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